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COPPER  UPTAKE  AND  EXCRETION  BY 
BUSY  CON  CANALICULATUM  L. 

Reference:  Biol.  Bull.,  148:   1-15.     (February,  1975) 

SUSAN  B.  BETZER *  AND  MICHAEL  E.  Q.  PILSON 

Graduate  School  oj  Oceanography,  University  oj  Rhode  Island, 
Kingston,  Rhode  Island  02881 

Copper  concentration  in  tissues  of  the  channeled  whelk,  Busycon  canaliculatutn 
L.,  despite  great  variability,  has  been  found  to  undergo  a  seasonal  cycle,  generally 
increasing  in  the  early  summer,  when  feeding  begins,  and  decreasing  in  the  fall 
and  in  the  winter  hibernation  period  (Betzer  and  Pilson,  1974).  This  metal  is 
physiologically  important,  since  marine  gastropods  require  copper  for  the  syn- 
thesis of  the  blood  pigment,  hemocyanin  (Hey).  Thus  it  is  of  interest  to  know 
how  they  accumulate  the  trace  substance,  to  what  degree  its  concentration  in 
their  bodies  is  regulated,  and  to  what  environmental  factors  the  seasonal  copper 
cycle  may  be  related.  In  the  present  study,  uptake  of  copper  into  the  whelk,  sites 
of  accumulation,  and  the  possibility  of  copper  regulation  have  been  investigated 
in  a  series  of  uptake  experiments  using  radioactively  labeled  copper  as  a  tracer. 
Measurements  were  made  of  possible  copper  loss  by  excretion  and  by  spawning. 

MATERIALS  AND  METHODS 

Fifty-four  specimens  of  Busycon  canalicnlatum  were  obtained  in  Narragansett 
Bay,  Rhode  Island,  and  maintained  in  running  bay  water  as  described  previously 
(Betzer  and  Pilson,  1974).  Animal  weights  ranged  from  100-200  g,  in  general. 

Uptake  experiments 

Radioactive  64Cu  was  prepared  from  copper  shot  dissolved  in  concentrated 
nitric  acid  and  made  to  volume  with  deionized  water  to  give  a  concentrated  copper 
nitrate  solution.  Aliquots  of  this  standard  were  neutron-activated,  ordinarily  for 
6-8  hr,  at  a  neutron  flux  of  4  X  1012  neutrons  cnr2  sec'1  at  the  Rhode  Island 
Nuclear  Science  Center. 

1  Present  address :  Department  of  Marine  Science,  University  of  South  Florida,  St.  Peters- 
burg, Florida  33701. 
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For  experiments  with  G4Cu  uptake,  a  known  amount  of  activated  Cu  standard 
was  mixed  into  3  liters  of  filtered  (Whatman  #42)  freshly-collected,  Narragansett 
Bay  water  in  4-liter  polypropylene  beakers.  One  whelk  was  placed  in  each  beaker 
for  the  uptake  period  of  1-48  hr.  At  intervals  during  the  uptake  period,  whelks 
were  removed,  put  into  square  plastic  refrigerator  containers,  and  placed  above 
a  sodium-iodide  crystal.  Gamma  emission  from  04Cu  was  counted,  using  a  Tracer- 
lab  multichannel  analyzer.  All  counts  were  corrected  to  time  0  using  the  decay 
constant  for  64Cu  (t}  =  12.8  hours). 

At  the  end  of  the  uptake  period,  whole  whelks  were  counted  again  and  dissected. 
Whole  organs  (digestive  gland,  gut,  kidney,  gonad,  osphradium,  and  gill),  one-mi 
blood  samples,  and  tissue  samples  (ordinarily  foot  muscle  and  mantle)  were 
placed  in  preweighed  plastic  vials  and  counted  in  the  well  of  the  sodium-iodide 
crystal ;  the  empty  shells  were  also  counted  in  refrigerator  containers  above  the 
crystal.  Each  of  the  whole  organs,  blood  and  tissue  samples  was  then  weighed, 
dissolved,  and  analyzed  for  stable  copper  concentration  by  the  spectrophotometric 
cuproine  method  or  by  atomic  absorption  spectroscopy,  as  described  and  reported 
previously  (Betzer  and  Pilson,  1974). 

An  aliquot  of  activated  copper  standard  equal  to  the  amount  added  to  each 
uptake  beaker  was  counted  in  the  crystal  at  the  beginning  of  each  experiment  and 
the  same  aliquot  was  counted  at  the  time  of  each  subsequent  count  of  whelks  or 
tissues.  The  activity  of  the  known  amount  of  copper  in  the  reference  solution 
was  used  to  convert  all  counts  made  in  the  well  of  the  crystal  to  p,g  of  labeled 
copper  present  in  the  substance  counted. 

A  number  of  separations  were  carried  out  in  trying  to  determine  whether 
radioactive  copper  taken  up  in  the  blood  had  been  incorporated  in  the  hemocyanin 
molecule  or  was  carried  with  a  lower  molecular  weight  fraction.  The  first  tech- 
nique used  was  ultracentrifugation  (Ghiretti,  1966).  A  precounted  labeled  blood 
sample  was  diluted  with  0.1  M  KG  to  fill  the  centrifuge  tube  and  spun  1.5  hr  at 
360,000  f/  in  a  Beckman  Ultracentrifuge.  The  content  of  radioisotope  associated 
with  the  resulting  pellet  (containing  the  hemocyanin)  and  supernatant  fluid  was 
then  determined.  A  second  separation  technique  used  was  gel  filtration.  A  0.5 
ml  aliquot  of  each  labeled  precounted  blood  sample  was  applied  to  a  column  con- 
taining 30  ml  of  Sephadex®  G-15  gel  and  eluted  with  0.1  M  KG  at  a  rate  of 
3.5-7  ml/hr.  Fractions  were  collected  automatically  every  30  min  and  counted. 
The  column  was  calibrated  with  a  solution  of  unlabeled  whelk  blood  and  G4Cu 
in  seawater;  fractions  were  collected,  counted,  and  analyzed  for  protein  by  the 
Biuret  method.  The  third  technique  for  separating  unbound  copper  from  blood 
hemocyanin  was  that  of  Joselow  and  Dawson  (1955),  employing  ion-exchange 
chromatography.  Labeled  precounted  blood  samples  were  applied  to  columns  of 
Bio-Rex  40  (100-200  mesh)  in  the  sodium  form  and  passed  through  at  about 
5  ml/hr.  The  effluent  was  collected  in  10-ml  volumetric  flasks  and  counted. 

Excretion  experiments 

Sea  water  was  passed  through  a  Whatman  #42  filter  and  then  through  a 
Chelex  column  to  remove  trace  metals.  Individual  whelks  were  placed  in  poly- 
propylene beakers  containing  3  liters  of  this  water  and  incubated  up  to  72  hr 
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as  was  a  blank  beaker,  with  no  whelk  added.  After  removal  of  the  whelks,  the 
copper  content  of  the  water  and  any  participate  matter  was  determined;  the  walls 
of  the  beaker  were  rinsed  with  200  ml  of  2  N  nitric  acid  and  the  copper  content 
determined. 

The  copper  content  of  the  seawater  used  was  determined  by  passing  the  water 
through  a  column  containing  Chelex-100  ion-exchange  resin  in  the  hydrogen 
form,  at  a  rate  of  about  5  ml/min  (Riley  and  Taylor,  1968).  The  column  was 
rinsed  with  50  ml  of  deionized  water  and  eluted  with  200  ml  of  2  N  nitric  acid, 
which  was  boiled  down  to  a  few  ml  in  a  Vycor®  beaker  covered  with  a  Teflon® 
watch  glass.  The  acid  rinses  of  the  beaker  walls  and  the  particulate  matter  were 
similarly  boiled  down.  The  solutions  were  transferred  to  25-ml  volumetric  flasks, 
made  up  to  volume  with  deionized  water,  and  analyzed  for  copper  by  atomic  ab- 
sorption spectroscopy.  Nitric  acid  blanks  were  run  and  the  values  subtracted  from 
the  copper  concentrations  in  the  samples. 


RESULTS 
Uptake  of  labeled  dissolved  copper  by  Busycon 

In  eight  experiments  a  total  of  34  whelks  were  exposed  to  concentrations  of 
added  copper  of  3-6  p.g/1  (total  copper  concentration  of  6-9  i^g/l),  comparable  to 
the  normal  concentration  of  copper  in  Narragansett  Bay  water,  3  p.g/1  (D.  Hallett, 
University  of  Rhode  Island,  personal  communication).  The  amount  of  copper 
present  in  the  incubation  beakers  was  thus  insignificant  in  comparison  to  the  very 
large  amount  of  total  body  copper  in  Busycon  (averaging  7600  yu,g  for  a  whelk  of 
100  grams — Betzer  and  Pilson,  1974).  In  one  experiment,  4  whelks  were  exposed 
to  high  values  of  added  copper,  106  /j.g/1.  Incubation  times  for  all  the  uptake 
experiments,  between  1  and  48  hours,  were  limited  by  the  short  half-life  of  the 
isotope,  12.8  hours. 

Sequence  of  uptake  by  the  whole  u'hclks.  Because  of  the  difference  in  geom- 
etry between  whole  whelks  counted  above  the  crystal  and  the  1  ml  of  reference 
solution  counted  in  the  well  of  the  crystal,  counts  of  whole  whelks  cannot  be  con- 
verted directly  to  /u.g  of  copper  taken  up  by  the  animals.  A  conversion  factor  was 
obtained,  however,  using  data  from  4  experiments  in  which  the  activity  of  the 
whole  uptake  beakers,  containing  sea  water  and  added  labeled  copper,  was  continued 
before  and  after  incubation  of  the  whelks.  In  each  case  a  linear  relationship  was 
found  between  loss  of  activity  in  the  beakers  and  gain  in  activity  by  the  whelks 
which  occupied  them.  Because  the  total  amount  of  copper  (/j-g]  originally  added 
to  the  beaker  was  known,  the  amount  of  copper  taken  up  by  a  whelk  could  then 
be  calculated  from  the  slope  of  the  graph.  Since  the  activity  (counts  per  minute) 
of  the  copper  initially  present  in  the  beaker  was  proportional  to  the  activity  of 
the  same  amount  of  copper  in  the  reference  solution,  a  conversion  factor  was  cal- 
culated from  the  counts  per  minute  (cpm)  in  the  whelk  and  the  fraction  of  the 
copper  in  the  reference  solution  represented  by  these  counts.  In  four  different 
uptake  experiments  the  factor  was  calculated  to  be  4.20,  3.66,  4.26,  and  3.79,  giving 
an  average  of  4.0.  This  factor  was  applied  in  all  uptake  experiments  to  calculate, 
from  counts  of  whole  whelks  above  the  crystal,  the  ^g  of  labeled  copper  taken  up 
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FIGURE  1.  Uptake  of  dissolved,  labeled  Cu  with  time  into  whole  whelks  (weighing  100  g) 
from  sea  water.  Points  represent  individual  whelks  exposed  to  different  initial  concentrations 
of  added  Cu  in  the  beakers:  diagonal  crosses,  6  fj-g/l',  open  circles,  9  //.g/1;  closed  triangles,  109 
jtig/1;  temperature  of  experiments:  21°  C. 


by  the  whelks : 

4.0  (cpm  in  whole  whelk)  (total  jug  Cu  in  uptake  beaker) 
cpm  of  reference  solution  in  crystal 

=  Mg  ^  u  taken  up  into  whelk. 

The  validity  of  the  conversion  depends  on  the  active  copper  being  distributed 
in  and  on  the  body  with  approximately  the  same  geometry  from  one  whelk  to  the 
next.  Whelks  were  always  placed  in  the  same  orientation  to  the  crystal  during 
counting.  The  conversion  factor  was  also  applied  to  whelk  shells  counted  above 
the  crystal  after  dissection. 

To  allow  comparisons  among  experiments  in  which  different  copper  concen- 
trations were  used  in  the  uptake  medium,  the  concentrations  of  labeled  copper 
taken  up  in  both  whole  whelks  and  tissues  have  been  normalized  by  dividing  by 
the  initial  concentration  of  copper  in  the  medium.  This  is  referred  to  as  the 
normalized  uptake : 


Normalized  uptake  = 


Cu  taken  up  per  g  of  whelk 


initial  /jg  Cu  per  ml  of  water  in  beaker' 

Figure  1  shows  the  typical  sequence  of  copper  uptake  into  whole  whelks  from 
seven  uptake  experiments.     The  whelks  showed  a  smooth,  continuous  increase  in 
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FIGURE  2.  Uptake  of  dissolved,  labeled  Cu  by  gills  \vith  time.  Points  represent  gills  of 
individual  whelks  exposed  to  different  initial  Cu  concentrations  and  temperatures  of  uptake: 
diagonal  crosses,  6  /*g/l  and  17-21°  C;  open  circles,  9  ng/\  and  15-20°  C;  closed  circles,  9 
and  21-25°  C;  closed  triangles,  109  p.g/\  and  15-20°  C. 


labeled  copper,  with  the  slope  decreasing  with  time  and  leveling  off  toward  48  hr. 
This  is  probably  due  to  a  depletion  of  G4Cu  in  the  beaker;  the  three  whelks  in- 
cubated 48  hr  had  taken  up  63%,  69%,  and  7S%  of  the  total  labeled  copper  origi- 
nally present  in  the  medium. 

The  effect  of  copper  concentration  on  the  rate  of  uptake  into  whole  animals  is 
apparent  in  Figure  1.  Despite  the  individual  variation,  whelks  exposed  to  6,  9, 
and  109  //,g  Cu/1  generally  showed  the  same  normalized  uptake  in  the  same  length 
of  time;  i.e.  uptake  rate  was  directly  proportional  to  the  concentration  of  copper 
in  the  medium.  Yager  and  Harry  (1964)  also  found  increased  6lCu  uptake  in  the 
freshwater  snail,  Taphius  glabratus,  when  more  copper  was  available. 

Localisation  of  copper  taken  up  by  whelks.  Although  the  amount  of  labeled 
copper  taken  up  into  the  individual  tissues  was  small  in  comparison  to  their  stable 
copper  content,  most  tissues  showed  an  accumulation  of  64Cu  many  times  its  initial 
concentration  in  the  incubation  medium.  As  in  whole  whelks,  uptake  rates  in 
individual  tissues  and  shells  were  directly  proportional  to  copper  concentration, 
except  in  the  case  of  the  gill  and  osphradium,  as  noted  below. 

Copper  uptake  onto  the  shell  of  Busy  con  followed  the  same  general  pattern 
as  uptake  by  whole  animals,  with  the  normalized  uptake  increasing  smoothly  but 
with  decreasing  slope  throughout  the  exposure  period.  This  was  not  found  by 
Yager  and  Harry  (1964),  whose  measurements  of  G4Cu  uptake  from  30  /x.g/1 
solutions  by  Taphius  glabratus  showed  wide  fluctuations  and  a  decrease  in  copper 
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FIGURE  3.  Uptake  of  labeled  Cu  by  digestive  gland  with  time.  Points  represent  digestive 
glands  of  individual  whelks  exposed  to  different  initial  Cu  concentrations  and  temperatures  of 
uptake:  diagonal  crosses,  6  /*g/l  and  17-21°  C;  open  circles,  9  /*g/l  and  15-20°  C;  closed  circles, 
9  ng/l  and  21-25°  C;  closed  triangles,  109  /tg/1  and  15-20°  C.  At  1  hr  of  uptake  there  are  6 
points  clustered  at  a  normalized  uptake  of  about  0. 

concentration  on  the  shell  with  time.  In  the  present  experiment  the  shell  con- 
sistently accounted  for  about  30%  of  the  total  counts  of  the  whole  animal,  and 
this  copper  was  adsorbed  on  the  surface.  Counts  of  shells  with  a  portable  counter, 
after  the  whelk  tissues  had  been  dissected  out,  showed  essentially  all  the  activ- 
ity on  the  outside.  An  empty  shell  incubated  as  a  control  in  one  experiment  showed 
the  same  uptake  rate  as  the  shells  of  live  whelks,  suggesting  that  the  inner  nacreous 
layer  adsorbed  little  copper  in  comparison  to  the  hairy,  organic  periostracum. 

Of  the  soft  tissues,  the  gills  (Fig.  2)  and  osphradium  were  the  first  to  become 
strongly  labeled.  At  low  levels  of  copper  in  the  medium,  comparable  to  those  of 
the  environment,  the  gills  had  a  normalized  uptake  of  about  100  after  1  hr  of 
incubation  and  may  already  have  been  saturated  with  copper.  After  this  time 
the  concentration  in  the  gill  showed  little  change,  except  for  a  possible  decrease 
between  24  and  48  hr  when  the  supply  of  labeled  copper  in  the  medium  had  be- 
come depleted.  No  difference  in  normalized  uptake  was  distinguishable  between 
the  gills  of  whelks  at  6  and  9  fig  Cu/1 ;  but  gills  of  whelks  at  109  fig /I  showed  a 
different  pattern  :  not  yet  saturated  at  1  hr,  they  continued  to  accumulate  copper 
up  to  24  hr,  reaching  the  much  higher  normalized  uptake  of  300.  The  osphradium, 
a  very  small  (0.1-0.2  g),  gill-like  structure  adjacent  to  the  gill  in  the  mantle 
cavity,  differed  from  the  gill  in  showing  a  more  gradual  accumulation  of  copper 
with  time.  It  also  reached  a  much  higher  normalized  uptake,  leveling  off  at 
about  400  by  24  hr. 

Despite  individual  variation,  the  kidney  showed  a  fairly  steady  linear  increase 
in  labeled  copper  with  time.  The  first  of  the  internal  organs  to  show  significant 
uptake,  it  exhibited  a  concentration  greater  than  or  equal  to  that  of  the  medium 
after  1  hr  of  incubation;  by  24  hr  it  had  a  normalized  uptake  of  15-20.  The  gut 
and  digestive  gland  (Fig.  3)  showed  little  evidence  of  copper  absorption  at  1  hr; 
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FIGURE  4.  Sequence  of  uptake  of  Cu  with  time  into  the  gill  and  tissues  of  the  visceral 
mass  of  18  whelks  exposed  to  6-9  fj.g  Cu/1  at  a  temperature  of  15-20°  C.  The  total  Cu  taken 
up  into  the  gill,  osphradium,  digestive  gland,  gut,  kidney,  and  gonad  was  summed,  and  the  per- 
centage contained  in  each  tissue  was  calculated  for  each  whelk.  The  average  percentages  for 
each  uptake  period  were  then  plotted  against  the  duration  of  uptake.  Only  the  most  quanti- 
tatively important  tissues  are  shown:  closed  circles,  average  percentage  in  gill;  squares,  average 
percentage  in  kidney;  open  circles,  average  percentage  in  digestive  gland;  open  triangles, 
average  percentage  in  gut. 

what  little  activity  was  found  may  have  been  due  to  the  presence  of  blood.  By 
6  hr  the  normalized  uptake  was  about  5  in  both,  and  uptake  continued  at  an  ap- 
proximately linear  rate  in  both  tissues  for  the  rest  of  the  incubation  period,  reach- 
ing a  similar  normalized  uptake  of  about  45-60  by  48  hr,  with  no  sign  of  leveling  off. 

The  blood  was  labeled  during  the  first  hour,  with  a  concentration  of  absorbed 
1:4 Cu  about  equal  to  that  initially  present  in  the  medium.  More  G4Cu  accumulated 
with  time,  but,  in  general,  64Cu  concentration  in  the  blood  after  any  exposure  time 
(after  1  hr)  was  lower  than  in  the  kidney,  digestive  gland,  or  gut.  Centrifuging 
blood  samples  to  remove  the  cells  was  found  not  to  affect  the  64Cu  activity  in  the 
sample,  indicating  that  the  blood  cells  were  not  significant  sites  of  copper  ac- 
cumulation. 

Other  tissues  were  routinely  counted  for  copper  uptake :  foot  muscle  showed 
a  low  level  of  label,  probably  due  mostly  to  the  presence  of  blood ;  tissue  exposed 
directly  to  sea  water,  such  as  the  mantle  and  mucous  gland,  showed  a  slow  in- 
crease in  activity,  probably  due  to  surface  adsorption  as  well  as  blood;  the  gonad 
was  extremely  variable  but  showed  generally  about  the  same  concentration  of 
active  copper  as  the  digestive  gland  and  gut. 
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The  nietabolically  active  gill,  osphradium,  and  visceral  mass  tissues  together 
contained  an  average  of  62%  of  the  64Cu  in  Busycon  tissues  after  1  hour  of  incu- 
bation;  they  contained  an  average  of  45%  (range  30-50%)  after  5-48  hours  of 
incubation  (as  copper  was  accumulated  in  the  blood  and  foot  muscle).  The  se- 
quence of  changing  distribution  of  absorbed  copper  among  these  nietabolically 
active  tissues  is  shown  in  Figure  4.  Here,  the  total  copper  taken  up  into  the  gill, 
osphradium,  digestive  gland,  gut,  kidney,  and  gonad  was  summed,  and  the  per- 
centage found  in  the  various  tissues  averaged  for  the  different  uptake  periods.  The 
total  in  the  blood  could  not  be  included  because  the  blood  volume  was  not  known. 
Because  the  speed  of  uptake  in  some  tissues  appeared  to  vary  with  temperature 
and  copper  concentration  in  the  medium,  data  are  presented  here  only  for  w^helks 
exposed  to  6-9  /^g  Cu/1,  at  temperatures  of  15-20°  C.  At  1  hr  of  exposure,  the 
gill  had  90%  of  the  total  copper  in  these  tissues,  but  although  its  total  copper  re- 
mained more  or  less  constant  (Fig.  2)  it  decreased  in  importance  as  copper  in 
the  other  tissues  rose,  so  that  at  48  hr,  the  gill  represented  only  about  15%  of 
the  total.  The  digestive  gland  had  taken  up  negligible  copper  by  1  hr,  but  showed 
a  steady  increase  in  importance,  so  that  it  contained  50%  of  the  copper  at  48  hr. 
The  kidney  appeared  to  increase  until  about  24  hr,  after  which  it  leveled  off  or 
decreased  slightly.  The  gut  showed  a  slow  increase  over  the  48-hr  period,  con- 
taining at  the  end  of  this  time  about  10%  of  the  copper  absorbed  in  these  tissues. 
This  pattern  suggests  that  copper  moves  into  the  body  at  the  gills  and  is  trans- 
ferred mainly  to  the  digestive  gland,  although  it  is  distributed  to  other  tissues  of 
the  visceral  mass  as  well. 

This  explanation  is  supported  by  the  results  of  an  "uptake  and  release"  ex- 
periment. Three  whelks  which  had  been  exposed  to  a  concentration  of  6  ju.g/1 
added  labeled  copper  for  17  hr  were  counted  whole  and  then  transferred  to  Bay 
water  with  6  /xg/1  added  unlabeled  copper  for  24  hr  before  dissection  and  counting. 
Counts  of  radioactive  copper  in  these  whelks  kept  in  unlabeled  water  for  24  In- 
after  uptake  were  as  high  as  at  the  end  of  the  uptake  period,  showing  that  ab- 
sorbed copper  was  not  rapidly  flushed  out.  Analysis  of  active  copper  in  the  w7ater 
and  participate  matter  in  the  "release"  beakers,  after  the  removal  of  the  whelks, 
showed  that  in  all  three  whelks  only  about  7%  of  the  label  that  had  been  taken 
up  was  released  (an  amount  that  was  within  the  counting  error  for  whole  whelks). 
The  absorbed  copper  was  redistributed  among  the  tissues  during  the  24  hr  incuba- 
tion in  unlabeled  water,  in  comparison  with  that  of  three  other  whelks  dissected 
immediately  after  the  17  hr  of  uptake.  Labeled  copper  in  the  gills  decreased  to 
less  than  half  its  concentration  at  17  hr,  while  it  increased  strikingly  in  the  kidney, 
gut,  digestive  gland,  and  gonad.  There  was  no  change  in  labeled  copper  levels 
in  the  blood.  In  terms  of  percentage  of  total  labeled  copper  in  gills,  osphradium, 
and  visceral  mass  tissue,  the  digestive  gland  increased  from  15%  to  51%. 

Form  of  labeled  copper  in  the  blood  and  digestive  gland.  Ultracentrifugation 
of  blood  samples  from  11  whelks  from  the  uptake  experiments  yielded  pellets  (Hey 
fraction)  containing  an  average  of  2/3  of  the  total  label  in  the  blood.  Even  when 
an  excess  of  neutral,  unlabeled  copper  was  added  to  the  sample  before  centrifuga- 
tion,  the  bulk  of  the  activity  came  down  with  the  Hey  (and  thus  was  not  dis- 
placed). When  labeled  ionic  copper  was  added  to  a  sample  of  fresh  whelk  blood, 
43%  of  the  activity  came  down  with  the  Hey.  This  showed  that  the  Hey  could 
bind  or  adsorb  excess  copper. 
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TABLE  I. 
Cu  excretion  by  individual  whelks 


Excretion  into  water  from  which  Cu  had  been  removed 


Length  of  incu- 
bation 

Total  Cu  re- 
leased, ;*g 

Cu  excreted  per  24  hr  per  100  g 

A.   Feb.  1971 

24  hr 

7.83 

10.44 

T    =  25°  C 

48  hr 

7.41 

4.07 

72  hr 

9.73 

4.63 

72  hr 

19.02 

9.91 

B.   April  1971 
T    =  17-19°  C 

6ihr 
24  hr 

4.00 
3.16 

18.6 
2.75 

48  hr 

9.60 

4.00 

C.    [uly  1971 
T    =  21°C 

6hr 

24  hr 

3.67 

3.24 

12.5 
2.42 

Aeration  provided 

48  hr 

8.54 

2.81 

X  ==  7.21  Mg 
Cu/100  g 
per  day 

Excretion  and  uptake  in  water  with  added  labeled  Cu 


^g  labeled 
Cu  added 

Length  of  incu- 
bation 

Total  Cu, 
Mg.  in 
beaker 

Total 
minus 
blank 

Mg  labeled 
Cu  taken 
up  by 
whelk* 

Total  Cu 
excreted 

Cu  excreted  per 
24  hr  per  100  g 

D.  April 

6hr 

17.8 

-0.9 

3.6 

2.7 

13.3 

1971 

17.6  Mg 

24  hr 

19.5 

+0.7** 

9.3 

10.0 

9.61 

48  hr 

14.7 

-4.0 

12.1 

8.1 

3.51 

48  hr  (no  whelk) 

18.7 

— 

— 

— 

— 

(blank) 

E.   July 

6hr 

14.61 

-4.85 

9.06 

4.21 

6.86 

1971 

18     Mg 

24  hr 

17.70 

-1.76 

12.79 

11.03 

6.18 

48  hr 

18.96 

-0.50 

14.09 

13.59 

5.96 

48  hr  (no  whelk) 

19.46 

•  —  • 

—  - 

— 

— 

(blank) 

X  =  7.57  Mg 

Cu/100  g 

per  day 

*  results  from  counts  of  radioactivity  in  uptake  experiment. 
**  net  excretion;  all  others  show  net  uptake. 


Labeled  blood  samples  from  6  otber  \vbelks  were  passed  through  columns  of 
Sephadex®  gel ;  in  each  case  the  radioactive  copper  came  through  in  the  fraction 
containing  the  Hey.  Dissolved  ionic  copper  and  Hey  applied  separately  to  Sepha- 
dex columns  came  through  in  different  volume  fractions,  because  of  their  difference 
in  molecular  weight;  but  when  n'Cu  in  sea  water  was  mixed  with  a  solution  of 
unlabeled  whelk  blood,  the  copper  activity  came  through  in  the  same  fraction  with 
the  Hey.  Thus  the  Sephadex  gel  filtration  technique  cannot  distinguish  the  excess 
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copper  nonsel actively  bound  by  Hey  from  copper  incorporated  in  tbe  active  site 
of  the  Hey  molecule. 

A  similar  ability  to  bind  excess  copper  was  found  for  lobster  Hey  by  Johnston 
and  Barber  (1969).  They  reconstituted  lobster  apohemocyanin  with  copper  sul- 
fate  and  with  hepatopancreas  supernatant  and  found  that  in  the  presence  of  excess 
copper,  the  apohemocyanin  bound  essentially  all  available  copper — up  to  6  times 
its  original  copper  content. 

In  calibration  experiments  with  BioRex  40  ion-exchange  resin,  Busycon  blood 
passed  through  the  column  with  its  copper  content  unchanged,  and  labeled  copper 
applied  to  the  column  in  aqueous  solution  was  quantitatively  (99.8%)  retained 
on  the  column.  When  labeled  copper  was  mixed  with  Busycon  blood,  only  a  small 
amount  of  labeled  copper  (probably  too  small  to  have  been  detected  with  the  count- 
ing techniques  of  Joselow  and  Dawson,  1955)  passed  through  the  column,  0.1-0.2 
//.g  of  a  total  of  3-10  /tg  copper  applied. 

In  BioRex  column  separations  of  labeled  blood  samples  from  11  whelks  from 
the  uptake  experiments,  a  very  small  amount  of  labeled  copper  came  through  with 
the  Hey,  0-0.02  //,g,  or  0-377"  °f  tne  initial  labeled  copper  in  the  samples.  There 
was  no  apparent  correlation  between  the  length  of  the  uptake  period  and  the 
amount  of  label  that  came  through.  Because  this  was  less  than  107  of  the  copper 
which  had  leaked  through  the  columns  in  the  calibration  experiments,  it  is  not 
known  whether  it  represents  incorporation  in  the  Hey,  or  "leakage"  by  the  column. 
Since  even  with  these  small  quantities  of  labeled  copper,  63-1007  of  the  labeled 
copper  was  removed  from  the  blood  sample  by  the  column,  it  seems  most  likely 
that  the  labeled  copper  found  in  the  blood  in  the  uptake  experiments  was  non- 
specifically  bound  to  the  Hey,  not  incorporated  in  the  Hey  molecule. 

A  preliminary  determination  of  subeellular  distribution  of  copper  in  the  diges- 
tive gland  was  made  for  two  whelks  incubated  24  hr  with  6  p.g/1  added  labeled 
copper.  Differential  eentrifugation  of  the  homogenized  gland  was  followed  by 
counts  of  each  fraction  for  GJCu  and  analysis  of  each  fraction  for  total  copper.  It 
was  found  that  the  newly  taken  up  labeled  copper  was  distributed  differently  than 
the  total  stable  copper ;  32-37%  of  the  labeled  copper  remained  in  the  supernatant 
after  ultracentrifugation  at  100,000  X  </  for  1  hour,  while  only  5-10%  of  the  stable 
copper  remained  in  this  fraction,  even  the  hemocyanin  having  sedimented.  This 
indicated  that  a  significant  fraction  of  the  newly  absorbed  copper  was  bound  in 
some  way  to  lower  molecular  weight  substances,  preventing  the  nonspecific  binding 
that  occurred  between  ionic  copper  and  hemocyanin  in  previous  eentrifugation 
experiments  and  that  probably  occurs  in  transport  of  uptaken  ionic  copper  by 
the  blood. 

Copper  excretion  by  Busycon 

A  series  of  excretion  or  release  experiments  was  carried  out  in  order  to  deter- 
mine whether  the  uptake  of  labeled  copper  by  Busycon  represented  a  net  accumu- 
lation of  copper  or  an  exchange  between  the  labeled  copper  in  solution  and  the 
much  larger  pool  of  unlabeled  copper  in  the  whelk.  Table  I  (A-C)  presents  the 
results  of  three  experiments  in  which  whelks  were  incubated  in  water  previously 
stripped  of  trace  metals.  The  net  daily  excretion  per  100  g  of  soft  tissue  weight 
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ranged  from  2.42-18.6  /j.g  copper,  with  a  mean  of  7.21  ±  5.42  (1  o-).  This  value 
is  not  corrected  for  possible  uptake  by  the  whelks  of  copper  they  released ;  if  this 
occurred,  the  total  excretion  would  he  greater.  This  could  be  the  explanation  for 
the  higher  rate  of  excretion  by  the  whelks  incubated  for  6  hr  in  both  Exps.  B  and 
C;  by  6  hr  only  a  comparatively  small  amount  of  copper  had  been  released,  and 
since  rate  of  uptake  is  proportional  to  concentration,  the  competing  effect  of  up- 
take on  excretion  was  not  seen  until  later. 

Excretion  was  also  measured  in  two  of  the  uptake  experiments  described  in 
the  preceding  section.  After  the  removal  of  trace  metals  from  the  incubation  me- 
dium, low  concentrations  of  labeled  copper  were  added ;  this  made  possible  the 
simultaneous  measurement  of  uptake  and  excretion.  After  the  incubation  period, 
the  total  copper  in  the  water  and  participate  matter  and  on  the  walls  of  the  beakers 
was  determined  and  combined  with  the  uptake  data  to  give  an  estimate  of  total 
excretion.  It  has  been  assumed  that  copper  taken  up  was  not  excreted,  which 
seems  reasonable,  from  the  small  amount  of  labeled  copper  lost  in  the  uptake  and 
release  experiment.  The  results  are  presented  in  Table  I  (D,  E).  Daily  copper 
excretion  per  100  g  of  whelk  ranged  from  3. 51-13. ,3  ^ug,  averaging  7.57  ±  3.42  ^g. 
This  is  roughly  equivalent  to  the  daily  copper  excretion  when  no  copper  was  added 
and  suggests  that  addition  of  copper  to  the  medium  did  not  increase  the  excre- 
tion rate.  Since  the  copper  excretion  rate  was  about  the  same  whether  or  not 
there  was  any  initial  copper  in  the  water  it  seems  likely  that  the  copper  which 
appeared  was  really  excreted  and  not  just  desorbed  from  the  shell  surface.  In 
the  experiments  where  copper  was  added  to  the  water  the  whelks  maintained  or 
increased  their  total  body  copper,  instead  of  losing  copper  to  the  medium.  Since 
the  concentration  of  added  copper  in  these  experiments  (6  /^g/l)  was  not  too  dif- 
ferent from  that  in  the  bay  (3  jug/1),  these  results  indicate  that  under  ordinary 
conditions  whelks  probably  remain  more  or  less  in  balance,  with  dissolved  copper 
taken  in  being  equaled  or  only  slightly  exceeded  by  copper  excreted.  Where  en- 
vironmental copper  concentrations  are  high,  however,  whelks  may  be  expected  to 
show  a  net  accumulation  from  the  medium,  in  addition  to  whatever  copper  is 
supplied  in  the  diet. 

Narcotizing  with  the  gastropod  relaxant  and  insecticide,  Sevin®,  according  to 
the  procedure  of  Carriker  (1963),  was  found  to  have  a  pronounced  effect  on  copper 
excretion  by  Busycon.  In  two  uptake  experiments,  a  whelk  was  narcotized  with 
Sevin®  before  and  during  exposure  to  labeled  copper.  The  whelks  were  dis- 
sected at  24  and  48  hr.  Both  whelks  took  up  significantly  less  label  than  the  other 
animals,  and  the  shell  of  the  48-hr  whelk  had  reduced  label  compared  to  the  shell 
of  normal  whelks.  In  both  narcotized  whelks,  uptake  of  labeled  copper  into 
internal  tissues  was  negligible,  and  even  in  gills  and  osphradium,  uptake  was  sig- 
nificantly reduced.  These  data  were  explained  when  the  copper  content  of  the 
beakers  used  for  the  24  hr  experiment  was  determined.  The  average  of  the  other 
5  beakers  was  47  //,g ;  the  beaker  which  contained  the  narcotized  whelk  had  650  /Ag 
of  copper.  The  Sevin®  stock  solution  was  analyzed;  the  3.5  ml  used  in  this  ex- 
periment would  have  added  only  0.245  /*g  copper  to  the  beaker.  The  650  /u.g  of 
copper  thus  represented  an  excretion  rate  of  554  ju,g/day  per  100  g  tissue,  about 
75  times  greater  than  the  rates  recorded  in  the  excretion  experiments.  This  massive 
release  of  unlabeled  copper  would  tend  to  displace  adsorbed  labeled  copper  on  the 
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shell  and  body.  The  kidneys  of  the  2  narcotized  whelks  showed  unusually  low 
stable  copper  concentrations:  that  of  the  48  hr  whelk  had  13  /xg/g,  and  that  of 
the  24  hr  whelk  had  20  /xg/g,  40^0  and  30%,  respectively,  of  the  average  concen- 
trations in  the  kidneys  of  the  other  four  whelks  in  each  experiment,  reported  (as 
Feb.  and  Mar.  averages)  by  Betzer  and  Pilson  (1974). 

Loss  of  copper  through  spawning.  It  was  thought  that  the  autumn  reduction 
of  the  copper  concentration  in  the  blood  and  tissues  of  Busycon  could  be  due  to 
the  fall  spawning.  In  Busycon,  eggs  are  fertilized  internally  and  shed  by  the 
female  enclosed  in  capsules  connected  as  a  long  chain  or  egg  string.  Development 
from  the  egg  to  the  juvenile  stage  takes  place  within  the  capsule.  A  measure  of 
possible  copper  loss  through  spawning  was  made  by  determining  the  amount  of 
copper  in  the  contents  of  individual  capsules  obtained  in  late  October,  when  the 
larvae  had  developed  to  the  veliger  stage.  The  larvae  and  associated  albuminous 
material  from  ten  capsules  were  ashed,  dissolved  in  concentrated  HC1,  rinsed  into 
volumetric  flasks,  and  the  copper  content  determined  by  the  cuproine  method 
(Diehl  and  Smith,  1958).  The  number  of  larvae  per  capsule  ranged  from  65-96, 
averaging  83.  The  copper  present  in  the  capsule  contents  ranged  from  10-45  fig, 
averaging  23  jug.  Thus,  assuming  100  capsules/egg  string  (a  reasonable  average, 
from  the  data  of  Magalhaes,  1948),  and  no  copper  in  the  walls  of  the  capsules 
(which  were  not  analyzed),  2300  jug  would  be  shed  at  spawning.  This  copper  loss 
is  much  greater  than  the  amount  of  change  between  pre-  and  post-spawning  re- 
productive organs — less  than  100  /xg  in  a  120-g  whelk  (Betzer  and  Pilson,  1974), 
suggesting  that  perhaps  copper  from  other  tissues  is  mobilized  and  deposited  in 
the  eggs  before  spawning.  Whether  a  similar  loss  of  copper  might  occur  in  the 
male  is  not  known. 

DISCUSSION 

The  fate  of  C4Cu  absorbed  in  Bnsycon  agrees  fairly  well  with  that  shown  by 
studies  of  heavy  metal  uptake  by  a  few  other  organisms  (Bryan,  1964,  1968; 
Bryan  and  Ward,  1965;  Hobden!  1969).  In  6-42  hr  of  uptake  of  64Cu  by  the 
freshwater  snail  Taphius  c/Iabratits  from  solutions  with  a  concentration  of  31  jug 
Cu/1,  Yager  and  Harry  (1964)  found  the  same  magnitude  of  concentration  in  all 
tissues,  except  that  in  the  liver  it  was  4-7  times  higher.  Townsley  (1964)  found 
that  64Cu  injected  into  the  body  of  Busycon  accumulated  in  the  digestive  gland. 

From  the  pattern  of  uptake  with  time  and  the  results  of  the  "uptake  and  re- 
lease" experiment,  it  seems  that  in  Busycon  the  gills  are  probably  the  primary 
site  of  copper  absorption  from  sea  water,  as  they  have  been  shown  to  be  for  other 
metals  in  other  organisms  (Bryan,  1968;  Bryan  and  Ward,  1965).  In  whelks 
exposed  to  low,  environmental  concentrations  of  dissolved  copper,  the  gills  reached 
an  "equilibrium"  concentration  by  one  hour,  suggesting  a  balance  between  the 
rate  of  uptake  by  the  gills  and  the  rate  of  transport  away  to  the  other  tissues.  The 
higher  normalized  concentrations  reached  in  the  gills  exposed  to  high  copper  con- 
centration (109  jug/1)  could  be  evidence  that  the  mechanism  of  transport  of  copper 
from  the  gills  into  the  body  has  become  saturated  at  this  concentration. 

As  discussed  by  Bryan  (1968),  it  is  not  necessary  to  postulate  active  uptake 
of  zinc  by  the  gill  of  the  lobster,  Ifoinanis,  since  most  of  the  zinc  in  the  blood  and 
tissues  is  bound  to  a  protein  fraction ;  thus  there  is  a  concentration  gradient  of 
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unbound  zinc — higher  in  the  medium,  and  lower  in  the  gill.  A  similar  argument 
may  hold  for  Busycon;  the  results  of  the  blood  centrifugation,  gel  filtration,  and 
column  separations  show  that  ionic  copper  is  strongly  bound  by  the  blood  Hey  of 
whelks,  so  that  the  concentration  of  ionic  G4Cu  in  the  gill  may  actually  be  much 
lower  than  in  the  medium,  regardless  of  the  high  concentration  of  total  labeled 
copper. 

The  transfer  of  much  of  the  absorbed  copper  to  the  digestive  gland  may  repre- 
sent a  way  of  buffering  the  blood  against  high  copper  concentrations.  Bryan 
(1964),  in  experiments  with  zinc  uptake  in  Homarus,  described  the  hepatopancreas 
as  a  "sponge  which  mops  up  excess  zinc  from  the  blood,  and  so,  with  the  ex- 
cretory organs,  helps  to  keep  the  blood  Zn  level  fairly  normal"  (page  556).  We 
do  not  know  whether  the  process  of  copper  absorption  by  the  digestive  gland  of 
Busycon  is  a  regulated  one,  or  a  nonspecific  uptake  of  the  excess  copper.  The 
preliminary  experiments  with  subcellular  fractionation  of  the  labeled  digestive 
gland  indicate  that  a  substantial  fraction  of  the  copper  newly  taken  up  is  held  in 
association  with  low  molecular  weight  substances — a  different  form  than  that  in 
which  it  seems  to  be  carried  in  the  blood. 

While  the  marked  increase  of  copper  in  Busycon  tissues  during  the  early  sum- 
mer can  be  accounted  for  by  the  commencement  of  feeding  (Betzer  and  Pilson. 
1974),  the  mechanism  for  the  drop  in  the  fall  and  winter  is  not  so  easily  explained. 
Typical  copper  loss  from  the  blood  (estimating  blood  volume  as  30r/f  as  in  Buc- 
cinuin — Staalancl,  1970)  and  digestive  gland  of  an  average  whelk  with  tissue 
weight  of  120  g  can  be  calculated  from  the  data  of  Betzer  (1972)  to  yield  a  de- 
crease of  about  11,000  fig  between  summer  and  winter.  Spawning  was  calculated 
to  release  perhaps  about  2300  ^g  of  copper.  The  rate  of  excretion,  about  7  /xg/ 
day  for  a  100  g  whelk,  was  balanced  by  the  rate  of  uptake  of  dissolved  copper  in 
the  incubation  experiments,  so  that  if  excretion  occurs  at  the  same  rate  in  the 
fall  as  in  these  experiments  (conducted  in  the  spring  and  summer),  a  large  amount 
of  copper  could  not  be  lost  by  this  route.  The  striking  rise  in  kidney  copper 
concentration  found  by  Betzer  and  Pilson  (1974)  in  the  late  summer  and  early 
fall,  when  the  other  tissues  are  decreasing,  however,  indicates  that  perhaps  in- 
creased copper  excretion  is  occurring  at  this  time  of  year.  The  copper  content  of 
three  kidneys  noticed  for  their  unusual  dark  blue  color  at  this  season  was  more 
than  five  times  higher  than  in  typical  winter  animals.  This  could  be  evidence  of 
a  massive  release  of  copper  from  apparently  healthy  fall  whelks. 

It  appears  that,  in  general,  the  copper  content  of  Busycon  is  only  very  crudely 
regulated.  Highly  variable  amounts  of  copper  are  undoubtedly  consumed  in  the 
whelk  diet,  depending  on  the  proportion  of  fish,  shellfish,  or  other  invertebrates 
consumed.  Dissolved  copper  is  taken  up  at  apparently  unregulated  rates,  depend- 
ing on  the  concentration  of  the  medium,  so  that  it  could  be  accumulated  from  pol- 
luted environments.  Excretion  of  copper  appears  to  be  generally  low  and  not 
related  to  the  copper  concentrations  in  the  medium,  although  massive  release  of 
copper  via  the  kidney  in  the  fall  could  represent  a  coarse  control  on  body  copper 
concentration,  along  with  release  of  copper  at  spawning.  The  highly  variable 
tissue  copper  concentrations  found  in  Busvcon  at  all  seasons  of  the  year  (Betzer 
and  Pilson,  1974)  attest  to  the  small  degree  of  regulation  of  this  highly  concen- 
trated and  (theoretically)  metabolically  important  trace  metal. 
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SUMMARY 

1.  Pathways  of  copper  into  Busycon  canalicnlatinn  and  sites  of  accumulation 
were  investigated  in  uptake  experiments  using  64Cu.     Routes  of  possible  copper 
loss  were  investigated  in  excretion  experiments  and  by  determination  of  copper 
content  of  egg  capsules. 

2.  Uptake  of  dissolved  61Cu  by  38  whelks  followed  a  smooth  curve,   slowing 
with  time;  about  2/3  of  the  available  i;4Cu  in  3  1  of  water  was  absorbed  by  48  hr. 
The  rate  of  uptake  was  proportional  to  the  concentration  of  the  medium. 

3.  Among  the  soft  tissues,  G4Cu  appeared  first  on  the  gills,  which  in  1  hr  reached 
a  normalized  concentration  100  times  that  initially  present  in  the  medium,  and  in 
the  blood  and  kidney  (normalized  concentration  ==1  at  1  hr).     By  6  hr  of  expo- 
sure, 64Cu  appeared  in  the  gut  and  digestive  gland  (normalized  concentration  ==5). 

4.  The  64Cu  continued  to  accumulate  in   the  digestive  gland,   so   that   by   48 
hr,  this  tissue  contained  50^  of  the  total  copper  taken  up  by  the  gill  and  organs 
of  the  visceral  mass.    Transfer  of  absorbed  copper  to  the  digestive  gland  continued 
even  when  whelks  were  removed  to  unlabeled  sea  water  for  24  hr. 

5.  Separations  carried  out  on  blood  from  whelks  labeled  with  U4Cu   indicated 
that  the  absorbed  copper  in  the  blood  was  nonspecifically  bound  to  hemocyanin. 

6.  Excretion  rates  for  copper  averaged  7  /*g/24  hr  per  100  g  fresh  tissue  weight, 
and  appeared  unaffected  by  the  copper  concentration  of  the  medium.     Under  nor- 
mal environmental  copper  concentrations,  rates  of  dissolved  copper  uptake  and  of 
copper  excretion  are  probably  about  equal. 

7.  The  average  copper  content  of  egg  capsules  was  23  /xg/capsule.     Spawning- 
may  be  a  significant  route  for  copper  loss,  and  an  increase  in  copper  excretion  in 
autumn  is  also  suggested  as  an  explanation  for  a  drop  in  tissue  copper  concen- 
trations at  this  season. 
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Copper  is  among  the  most  toxic  of  the  heavy  metals  to  most  organisms  (Bowen, 
1966;  Bryan,  1971),  and  it  may  he  introduced  in  significant  amounts  into  the 
coastal  marine  environment  from  industrial  sources.  It  thus  seemed  desirable  to 
examine  the  tolerance  for  copper  of  a  commercial  organism  commonly  found  in 
estuarine  and  coastal  regions,  the  channeled  whelk,  Busy  con  canaliciilatiiin.  The 
effects  of  high  copper  concentrations  on  marine  prosobranch  gastropods  such  as 
Busycon  are  of  particular  interest,  because  these  snails  (like  several  other  groups 
of  molluscs  and  arthropods)  normally  accumulate  and  store  copper  and  use  it  in 
the  synthesis  of  the  blood  pigment,  hemocyanin.  Studies  of  the  copper  metabolism 
of  Busycon  under  normal  environmental  conditions  have  been  described  elsewhere 
(Betzer,  19/2;  Betzer  and  Pilson,  1974).  This  paper  presents  a  series  of  ex- 
periments carried  out  to  determine  the  toxic  concentration  of  copper  for  Busycon 
and  to  investigate  the  effects  of  high  copper  concentrations  by  determination  of 
tissue  copper  concentrations,  by  tracing  uptake  with  G4Cu,  and  by  histological 
examination. 

MATERIALS  AND  METHODS 

Specimens  of  Busycon  canaliciilatiiin  collected  in  pots  from  the  Wickford-Fox 
Island  region  of  Narragansett  Bay,  Rhode  Island,  were  placed,  2  or  3  whelks  per 
tank,  in  8-liter  all-glass  aquaria.  The  tanks  were  filled  with  bay  water  to  which 
various  volumes  of  a  cupric  chloride  stock  solution  had  been  added,  so  that  the 
final  concentration  of  added  copper  was  between  0  and  1000  /xg/1.  The  tanks 
were  covered,  aerated,  and  incubated  in  a  wet  table  of  running  bay  water  to  main- 
tain the  same  temperature  as  in  the  natural  environment  (from  13-15°  C  in  early 
June  to  20-22°  C  in  August).  Every  three  to  four  days  the  water  was  changed 
and  fresh  copper  stock  was  added.  Animals  that  died  were  removed  for  copper 
determination.  The  whelks  were  not  fed,  unless  otherwise  noted. 

For  tissue  copper  determinations,  exposed  and  control  whelks  were  bled  and 
dissected.  Blood  and  tissue  samples  (gut,  digestive  gland,  kidney,  gonad,  gills, 
osphradium,  and  foot  muscle)  were  digested  with  aliquots  of  a  solution  prepared 
by  mixing  100  ml  of  concentrated  perchloric  acid  and  400  ml  of  concentrated 
nitric  acid.  The  samples  were  analyzed  for  copper  by  the  spectrophotometric 
cuproine  method  (b)  of  Diehl  and  Smith  (1958)  or  by  atomic  absorption  spec- 
troscopy,  as  described  elsewhere  (Betzer  and  Pilson,  1974). 

1  Present  address :  Department  of  Marine  Science,  University  of  South  Florida,  St.  Peters- 
burg, Florida  33701. 
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FIGURE  1.  Average  time  of  survival  for  whelks  exposed  to  various  copper  concentrations  ; 
open  circles,  average  time  of  survival  for  6  whelks  exposed  to  each  concentration,  summer  1969 ; 
closed  circles,  average  time  of  survival  for  4  whelks  exposed  to  each  concentration,  summer 
1970 ;  closed  triangles,  average  time  of  survival  for  8  whelks  exposed  to  1000  fig/I  added  copper, 
summer  1971.  Arrow  indicates  that  the  whelks  were  still  alive  when  the  experiment  was 
terminated. 

The  sequence  of  uptake  of  copper  into  the  tissues  from  both  toxic  (470  ju.g/1) 
and  nontoxic  (6  ju.g/1 )  solutions  was  followed  using  radioactively  labeled  04Cu  added 
to  bay  water,  from  which  trace  metals  had  previously  been  removed  by  passage 
through  a  Chelex  column  ( Riley  and  Taylor,  1968).  Individual  whelks  were  held 
in  polypropylene  beakers  containing  3  liters  of  labeled  solution  for  6,  24,  and  48 
hr.  After  incubation  the  whelks  were  counted  whole  above  a  sodium-iodide  crystal 
for  gamma  emission  due  to  copper,  using  a  multichannel  analyzer.  The  whelks 
were  dissected,  and  blood  and  tissue  samples  were  also  counted  to  determine  64Cu 
uptake  as  described  previously  (Betzer,  1972). 

Tissues  of  control  whelks  and  whelks  exposed  to  toxic  copper  concentrations 
(1000  fj.g/\  added  copper)  for  various  periods  of  time  were  examined  for  evidence 
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TABLE  1. 

Copper  concentrations  (^g/g  fresh  weight]  of  gills  and  osphradia 
of  whelks  exposed  to  various  Cu  concentrations 


Gills 

Osphradium 

#  ,.f 

Added 

\vhrlks 

Cu  M«   1 

X  ±  S.D. 

range 

X  ±  S.D. 

range 

July-Auy;u>t 

4 

0 

54 

35  ±     6 

29-  41 

16±    0.7 

15-  16 

1970 

4 

100 

54 

43±    10 

32-  54 

25±  4 

23-  30 

4 

500 

X  =  16  (all  died) 

316±158 

215-551 

96  ±40 

64-151 

4 

1000 

X==   9  (all  died) 

231  ±   73 

128-298 

78±31 

38-108 

August  1()71 

•j 

^ 

0 

0 

77±    11 

66-  89 

45±10 

39-56 

4 

0 

9 

89±   22 

58-107 

40±10 

27-52 

3 

1000 

4* 

112±   16 

96-128 

60  ±2  2 

35-  73 

4 

1000 

7  (one  died) 

188±  90 

55-246 

112±18 

94-134 

4 

1000 

9  (three 

185±  40 

129-216 

116=hl8 

92-131 

died,  one  dying) 

*  transferred  to  an  aquarium  without  added  copper  for  a  few  hours  before  dissection. 

of  histopathology.  Tissues  were  normally  fixed  in  a  modified  Zenker-formol  fixa- 
tive, routinely  processed,  cut  to  a  thickness  of  6  p.,  and  stained  with  hematoxylin 
and  eosin.  For  a  histochemical  study  of  copper  deposition,  the  tissues  were  pre- 
pared according  to  the  rubeanic  acid  method  of  Uzman  (1956). 

RESULTS 
Copper  tolerance  of  Busycon 

In  a  preliminary  experiment  in  June,  1969,  a  total  of  30  whelks  were  incu- 
bated in  10  tanks  containing  0,  50.  1 00.  150,  and  200  ,ug/l  added  copper,  with  2 
tanks  at  each  concentration.  These  concentrations  were  chosen  because  Marks 
(1938)  had  found  that  in  similar  experiments  the  limits  of  Cu  tolerance  for  all 
gastropods  tested  were  100-200  /xg/1.  Four  times  during  the  77-day  course  of 
the  experiment,  blood  samples  were  removed  from  each  animal  in  connection  with 
another  study.  A  small  quahog  was  added  to  each  tank  as  food  on  days  62,  72, 
and  74.  During  the  course  of  the  study,  the  mortality  in  the  high  copper  tanks 
( 150  and  200  /ig  Cti/1 )  was  50^  ,  the  same  as  in  the  control  tanks  (no  added 
copper).  Thus  it  seemed  that  the  high  ionic  copper  concentration  of  the  medium 
was  probably  not  responsible  for  the  whelk  deaths,  but  that  death  was  more  likely 
due  to  infection  or  injury  during  bleeding. 

In  a  second  experiment  begun  in  July.  1('70,  16  whelks  were  incubated,  2  per 
tank,  in  a  broader  range  of  added  copper  concentrations:  0,  100,  500,  and  1000 
/xg/1,  with  2  tanks  at  each  concentration.  After  54  days  the  experiment  was 
terminated,  and  all  the  whelks  were  dissected  for  tissue  copper  determinations. 
All  whelks  at  0  and  100  /.ig/1  survived  the  entire  experiment  and  could  often  be 
seen  actively  crawling  about  the  tank,  adhering  to  the  glass  walls.  During  ex- 
posure to  the  higher  copper  concentrations,  however,  whelks  frequently  remained 
withdrawn  into  their  shells,  emitting  large  quantities  of  mucus.  Figure  1  presents 
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FIGURE  2.    Uptake  of  '"Cu  by  whole  whelks,  expressed  as : 

jug  Cu  taken  up  per  g  of  whelk 


Normalized  uptake  = 

jug/nil  Lu  initially  present  in  medium 

closed  circles,  whelks  exposed  to  6  pg/l  added  copper ;  open  circles,  whelks  exposed  to  470 
added  copper. 

the  average  time  of  survival  for  whelks  at  various  copper  concentrations  in  this 
experiment,  as  well  as  in  the  preliminary  experiment  of  the  previous  summer,  and 
for  whelks  exposed  to  1000  /xg/1  copper  in  August,  1971.  In  1970.  at  500  /xg/1, 
the  whelks  survived  an  average  of  16.5  days  (range  =:  11-27  days)  ;  at  1000  ju.g/1, 
an  average  of  9  clays  (range  --  7-10.5  days).  In  1971,  whelks  exposed  to  1000 
/Ag/l  added  copper,  and  removed  at  intervals  for  chemical  and  histological  copper 
determinations,  survived  8  days  (range—  7-9  days).  Thus  for  these  periods  of 
exposure  (54  and  77  days)  the  tolerance  limit  of  Busvcon  for  copper  is  between 
200  and  500  /*g/l. 

Tissue  copper  concentrations  of  u'helks  c.vposeci  to  various  copper  concentrations 

Copper  concentrations  were  determined  for  the  16  whelks  exposed  to  various 
concentrations  in  the  1970  toxicity  study  and  for  18  whelks  exposed  to  0  and  1000 
/j.g/\  added  copper  in  August,  1971.  In  the  1971  experiment,  11  whelks  exi-  d 
to  1000  fig  Cu/1  were  dissected  after  incubation  periods  of  4  days  (3  whelks), 
7  days  (4  whelks),  and  9  clays  (4  whelks)  ;  control  whelks  were  dissected  after 
incubation  periods  of  0  days  (3  whelks)  and  9  days  (4  whelks).  In  both  experi- 
ments, whelks  exposed  to  toxic  copper  concentrations  showed  marked  increases 
in  the  amount  of  copper  on  the  osphradium  and,  particularly,  the  gills  (Table  I). 
In  1970  there  was  no  significant  increase  in  whelks  exposed  to  a  high  but  sublethal 
copper  concentration  (100  ju.g/1),  but  there  was  a  striking  increase  in  the  whelks 
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TABLK  1 1 

Concentration  of  uptaken  MCu  and  normalized  uptake  in  tissues  of 
u'hclks  exposed  to  6  and  470  ng  Cn/l 


Tissue 

Medium 

Mg  Cu  taken  up/g  fresh  weight 

Normalized  uptake* 

6  hr 

24  hr 

48  hr 

6  hr 

24  hr 

48  hr 

Gills 

low  Cn  : 
high  Cu  : 

0.29 
31 

0.49 
30 

0.18 

37 

48 
66 

82 

64 

30 

79 

Osphradi  uni 

low  Cu  : 
high  Cu  : 

0.40 

37 

1.1 

27 

0.36 

32 

67 
79 

187 
58 

61 
68 

Kidney 

low  Cu  : 

high  Cu  : 

0.056 
1.3 

0.13 
2.0 

0.11 

2.7 

9.3 

2.8 

22 
4.4 

18 
5.9 

Gut 

low  Cu  : 
high  Cu  : 

0.041 
0.88 

0.22 
1.3 

0.37 
2.2 

6.8 
1.9 

37 
2.8 

61 

4.8 

Digestive  Gland 

low  Cu  : 
high  Cu  : 

0.04 
0.39 

0.14 
0.43 

0.30 
0.72 

6.7 
0.84 

24 
0.93 

49 
1.5 

Blood 

low  Cu  : 
high  Cu  : 

0.017 
0.61 

0.029 
0.33 

0.037 
0.35 

2.9 
1.3 

4.9 
0.71 

6.1 
0.75 

*  Normalized  uptake   =  ;— rr 


Cu  taken  up  per  gram  whelk 


initial  Cu  concentration  of  medium,  ng/m\ 

that  died  from  copper  toxicity  at  500  and  1000  //.g/1.  In  1971,  concentrations 
were  increased  after  4  days  of  exposure  to  1000  jag  Cu/1  and  more  than  doubled 
after  7  and  9  days.  The  differences  in  concentration  between  the  control  groups 
of  the  2  experiments  were  probably  due  to  differences  in  time  of  capture  ( July 
of  1970  and  August  of  1971  )  and  feeding  histories  ( Betzer  and  Pilson,  1974). 

Exposure  of  whelks  to  high  copper  concentrations  had  no  apparent  effect  on 
the  copper  concentrations  in  the  blood,  kidney,  or  muscle,  which  showed  quite 
similar  concentrations  in  all  groups  within  an  experiment.  In  the  case  of  the 
gut,  gonad,  and  particularly  the  digestive  gland,  which  has  a  copper-storing  func- 
tion, there  was  tremendous  individual  variation  in  the  copper  content  within  ex- 
perimental groups — as  much  as  10-fold.  This  variation  is  characteristic  of  Busycon 
(Betzer  and  Pilson,  1974)  but  it  obscured  possible  copper  accumulation  resulting 
from  exposure  to  high  copper  concentrations. 

''*Cit  uptake  by  Busycom  jroin  a  fo.vic  concentration 

Previous  work  has  shown  that  Busycon  can  take  up  labeled  copper  from  non- 
toxic  seawater  solutions  containing  6-100  /tg/1  ('Betzer,  1972).  In  the  present 
experiment,  3  whelks  were  also  exposed  to  toxic  concentrations  (470  /*g/l )  which 
caused  them  to  withdraw  into  the  shell  and  emit  mucus  even  within  the  short 
periods  of  incubation  used  (6,  24,  and  48  hr).  Figure  2  presents  uptake  by  the 
whole  whelks,  expressed  as  the  ratio  of  /zg  of  copper  taken  up  per  gram  of  whelk 
to  the  initial  copper  concentration  of  the  incubation  medium  ("normalized  up- 
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FIGURE  3.  Sequence  of  copper  uptake  into  gill  and  most  important  visceral  tissues  with 
time  from  a  concentration  of  470  ^g/l.  The  total  amount  of  copper  taken  up  into  the  gill, 
csphradium,  digestive  gland,  gut,  kidney,  and  gonad  was  summed  and  the  percentage  found 
in  each  tissue  was  plotted  for  each  uptake  period ;  closed  circles,  percentage  in  gill ;  squares, 
percentage  in  kidney ;  open  circles,  percentage  in  digestive  gland ;  open  triangles,  percentage 
in  gut. 

take")  ;  results  of  uptake  by  3  whelks  exposed  to  low,  environmental  copper  con- 
centrations are  plotted  for  comparison.  Until  24  hr,  whelks  exposed  to  both 
copper  concentrations  showed  increasing  concentrations  of  labeled  copper,  but  there 
was  a  decrease  by  48  hr  in  the  whelk  exposed  to  toxic  copper.  In  the  low-copper 
whelks  in  this  experiment,  the  shell  accounted  for  an  average  of  44%  of  the  total 
copper  taken  up ;  but  the  shell  of  the  whelks  at  the  toxic  concentration  accounted 
for  an  average  of  78%  of  the  copper  taken  up.  Thus,  at  the  toxic  concentration,  a 
smaller  proportion  of  the  uptaken  copper  was  in  or  on  the  soft  tissues. 

Copper  uptake  by  individual  soft  tissues  is  presented  in  Table  II.  Uptake  of 
copper  by  the  gills  and  osphradia  of  whelks  in  the  medium  with  toxic  copper 
was  on  the  order  of  50-80  times  the  initial  concentration  of  the  medium,  similar 
to  that  of  whelks  exposed  to  low  concentrations  of  added  copper.  In  the  whelks 
exposed  to  low  copper  concentrations,  uptake  by  the  gill  and  osphradium  was 
high  at  6  hr,  increased  until  24  hr,  and  then  decreased  again  by  48  hr,  as  64Cu 
in  the  medium  was  depleted.  The  normalized  uptake  of  gills  and  osphradia  at 
the  toxic  concentrations  remained  about  the  same  from  6  hr  through  48  hr. 

The  internal  tissues  and  organs,  on  the  other  hand,  generally  increased  in  con- 
centration of  absorbed  copper  in  both  groups.  The  quantities  of  labeled  copper 
taken  up  were  larger  in  the  whelks  exposed  to  toxic  concentrations;  but  in  both 
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FIGURE  4.  Gills  of  a  control  whelk,  showing  leaflet  (Arrow  A)  structure  of  the  organ. 
The  inner  area  (Arrow  B)  of  the  leaflet  shows  normal  blood  lacunae;  Zenker's,  H  &  E. 

FIGURE  5.  Gills  of  a  whelk  exposed  3  days  to  toxic  copper,  showing  dilation  of  blood 
sinuses  filled  with  blood  cells  (Arrow  A).  The  mucosa  at  the  tips  of  the  leaflets  shows  some 
regions  of  necrosis  and  sloughing  (Arrow  B)  ;  Zenker's,  H  &  E. 

FIGURE  6.  Gills  of  a  whelk  exposed  7  days  to  toxic  copper,  showing  extensive  necrosis 
of  the  swollen  gill  leaflets  (Arrow  A),  which  lack  epithelium,  and  amebocytic  infiltration  of 
the  whole  area  (Arrow  B)  ;  Zenker's,  H  &  E. 


groups,  the  amount  taken  up  was  small  in  comparison  to  the  amount  present  in 
the  tissues.  The  uptake  normalized  for  initial  concentration  of  the  medium  was 
2—33  times  lower,  however,  in  whelks  exposed  to  470  ju.g/1  than  in  those  exposed 
to  6  /xg/1.  After  48  hr,  the  kidney,  gut,  digestive  gland,  and  Hood  of  whelks  in 
the  toxic  medium  had  not  yet  reached  the  normalized  uptake  shown  at  6  hr  by 
whelks  taking  up  copper  from  low  concentrations.  Thus  the  rate  of  uptake  of 
labeled  copper  into  these  internal  tissues  from  the  toxic  medium  was  not  propor- 
tional to  the  rate  of  accumulation  on  the  gills. 

To  follow  the  sequence  of  copper  uptake  into  important  tissues  of  the  mantle 
cavity  and  visceral  mass,  the  total  labeled  copper  taken  up  into  the  gills,  osphradium. 
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digestive  gland,  gut,  kidney,  and  gonad  can  be  summed,  and  the  percentage  found 
in  the  various  tissues  computed  for  each  uptake  period.  (The  blood  is  omitted 
because  the  blood  volume  was  not  known.)  In  whelks  exposed  to  6  /x.g/1  labeled 
copper,  the  gill  had  90%  of  the  uptaken  copper  after  1  hr ;  but  as  copper  entered 
the  body,  the  gill  decreased  in  importance  so  that  by  48  hr  it  contained  only  15  % 
of  the  total.  Meanwhile,  the  digestive  gland  showed  a  steady  increase  in  accumu- 
lation so  that  at  48  hr  it  contained  50%  of  the  uptaken  copper.  This  is  the  typical 
pattern  for  Busycon  at  normal  environmental  copper  concentrations  (Betzer  and 
Pilson,  1975).  Figure  3  is  a  graph  of  uptake  into  gills  and  tissues  of  the  visceral 
mass  for  the  3  whelks  incubated  in  470  /xg/1  added  copper.  Here,  the  gill  also 
had  a  high  percentage  of  the  total  uptaken  copper  early  in  the  incubation,  but  it 
maintained  its  importance  throughout  the  48-hr  period.  The  digestive  gland  did 
not  show  the  dramatic  rise  in  copper  accumulation  that  occurs  in  normal  copper 
concentrations.  Thus  these  data  also  suggest  that  proportionately  less  copper 
is  beinsr  taken  into  the  body  from  the 


Histopathologic  findings  for  whelks  exposed  to  toxic  copper 

The  tissues  of  3  control  whelks  and  whelks  exposed  to  1000  ju.g/1  added  copper 
for  3  days  (4  whelks),  4  days  (2  whelks),  5  days  (4  whelks),  and  7  days  (3 
whelks)  were  examined  for  evidence  of  histopathology.  Animals  examined  after 
3  days  of  exposure  to  toxic  levels  of  copper  (Figure  5)  showed  dilated  efferent 
blood  sinuses  and  blood  lacunae  in  the  leaflets  of  the  gill  in  comparison  with  con- 
trol whelks  (Figure  4).  The  blood  sinuses  were  also  dilated  in  the  leaflets  of 
the  osphradium.  The  dilated  areas  were  filled  with  a  pink-staining  material  and 
showed  a  tremendous  increase  in  amebocytes.  This  may  be  considered  a  type 
of  inflammatory  response  in  Busycon.  There  were  also  noted,  in  a  few  leaflets 
of  the  gills,  focal  areas  of  necrosis  and  sloughing  of  epithelial  cells. 

With  increased  exposure  time  (4,  5,  and  7  days)  there  was  a  progressive  in- 
crease in  the  swelling  of  the  leaflets  and  in  the  inflammatory  response,  and  in  the 
necrosis  and  sloughing  of  the  epithelium  of  the  osphradium  and  gills  (Fig.  6). 
The  leaflets  were  in  some  cases  completely  denuded  of  epithelium,  leading  to 
necrosis  of  the  various  structures  of  the  septum.  At  times  the  tips  of  the  denuded 
septum  ballooned  out. 

Microscopic  examination  of  the  heart,  kidney,  digestive  gland,  salivary  glands, 
gut,  foot,  radula,  reproductive  tract,  and  mantle  did  not  show  any  changes  which 
could  be  attributed  to  the  action  of  copper.  Histochemical  study  of  all  tissues  for 
copper  deposition  according  to  the  method  of  Uzman  (lc'5(>)  did  not  show  any 
differences  between  exposed  and  control  animals.  This  does  not  seem  to  be  a  use- 
tul  technique  for  studying  copper  deposition  in  Busycon. 

DISCUSSION 

The  limits  of  copper  tolerance  for  Busycon,  between  200  and  500  /xg/1,  are 
high  in  comparison  to  the  concentrations  encountered  in  the  natural  environment; 
unpolluted  Xarragansett  Bay  water  has  a  concentration  of  3  p,g/\  (D.  Hallett,  Uni- 
versity of  Rhode  Island,  Graduate  School  of  Oceanography,  personal  communica- 
tion). Other  mollusks  have  shown  a  greater  sensitivity  to  copper  than  Busycon 
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Marks  (1938)  found  in  experiments  similar  to  those  described  here  that  for  10 
species  of  Pacific  coast  mollusks  the  upper  limit  of  copper  tolerance  was  100-200 
p,g  Cu/1 ;  except  for  one  species  of  clam,  none  survived  more  than  18  days  at  200 
ju.g/1  added  copper.  This  was  the  same  toxicity  threshold  found  for  Mytilus  cdiilis 
(Scott  and  Major,  1972).  Sinister  and  Pringle  (1968)  exposed  quahogs  (Mer- 
ccnaria  mcrccnaria)  to  copper  concentrations  of  25  and  50  p.g/1  and  found  63% 
and  78%  mortality  by  the  15th  week,  although  oysters  showed  only  10%  and  \S% 
mortality  after  20  weeks  at  the  same  concentration.  Harry  and  Aldrich  (1963) 
found  that  the  freshwater  pulmonate  snail,  Taphins  c/labratns,  showed  distress  after 
only  24  hr  of  exposure  to  concentrations  of  50-100  /xg/1  added  copper. 

As  discussed  by  Bryan  (1971),  temporary  storage  of  a  metal  in  a  particular 
tissue  is  a  method  of  removing  it  from  the  rest  of  the  body,  and  consequently  re- 
ducing its  toxic  effects.  Such  accumulation  of  CJCu  by  the  digestive  gland  is 
seen  in  Biisycon  exposed  to  labeled  solutions  of  low  (6  p.g/1},  non-toxic  concen- 
trations; and  this,  followed  by  later  excretion  of  copper,  may  be  the  mechanism 
by  which  whelks  resist  higher  copper  concentrations. 

Yager  and  Harry  (1964)  exposed  Taphuts  c/labrahts  to  concentrations  of 
labeled  copper  which  allowed  normal  behavior  and  to  concentrations  which  caused 
distress;  they  found  that  the  livers  of  distressed  snails  contained  less  absorbed 
labeled  copper  than  those  of  normal  snails,  and  concluded  that  distress  was  some- 
how produced  by  disruption  of  membrane  permeability,  although  the  site  of  copper 
absorption  was  not  identified.  In  Biisycon,  experiments  using  CllCu  show  that 
under  normal  concentrations,  copper  is  taken  up  and  transferred  to  the  internal 
tissues;  at  toxic  copper  concentrations,  where  only  the  gills  (and  osphradium) 
show  tissue  damage,  the  rate  of  transfer  into  the  internal  tissues,  particularly  the 
digestive  gland,  is  sharply  decreased.  These  results  indicate  that  the  gills  are 
the  primary  site  of  entrance  of  dissolved  Cu  into  the  whelk  body,  rather  than  other 
possible  routes  such  as  through  the  gut  or  the  general  body  surface. 

The  histopathologic  findings  in  Biisycon  are  much  the  same  as  those  seen  in 
previous  studies  by  Yevich  (unpublished)  after  the  exposure  of  the  fish,  Fundulus 
heteroclitus,  and  the  quahog.  Mercenaries  mcrccnaria,  to  toxic  concentrations  of 
copper.  There,  too,  the  main  organ  involved  was  the  gill,  in  which  there  was 
necrosis  and  sloughing  of  the  epithelium,  and,  in  Finiclnlits,  a  ballooning  of  the 
tips  of  the  gill  filaments.  In  Biisycon,  the  clear  evidence  of  structural  damage 
to  the  gill  at  toxic  concentrations  suggests  that  there  may  be  interference  with 
respiration,  as  well  as  with  normal  copper  transport  mechanisms  into  the  body. 

We  thank  the  staff  of  the  Rhode  Island  Nuclear  Science  Center  for  technical 
assistance  and  use  of  their  equipment.  Peter  Betzer  for  help  in  carrying  out  the 
experiments,  and  Michael  Pilson  and  Norman  Blake  for  help  in  preparing  the 
manuscript. 

SUMMARY 

1.  The  effects  of  high  concentrations  of  copper  in  seawater  upon  Bitsycon 
canaliculatum  were  followed  histologically,  by  determination  of  tissue  Cu  concen- 
trations, and  by  tracing  uptake  with  radioactively  labeled  copper  (64Cu). 
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2.  Whelks  showed  a  high   resistance  to  ionic   Cu,   with  a   tolerance   limit   be- 
tween 200-500  /xg/1  at  normal  habitat  temperatures  for  the  exposure  periods  used 
(54-77  days). 

3.  At  lethal  concentrations,  Cu  was  accumulated  at  the  gill  and  osphradium  ; 
and  these  tissues   also   showed   progressive   histopathologic   change,   consisting   of 
swelling  of  the  gill  filaments,  amebocytic  infiltration  of  the  connective  tissue,  and 
necrosis  and  sloughing  of  the  mucosa. 

LITERATURE  CITED 

BETZER,  S.  B.,  1972.     Copper  metabolism,  copper  toxicity,  and  a  review  of  the  function  of  hemo- 

cyanin  in  Busycon  canaliculatum   L.     Ph.D.  dissertation,  University  of  Rhode  Island, 

133  pp. 
BETXER,   S.   B.,  AND  M.   E.   Q.   PILSON,   1974.     The   seasonal   cycle   of   copper   concentration   in 

Busycon  canaliculatum  L.    Biol.  Bull.,  146:  165-175. 
BETZER,  S.  B.,  AND  M.  E.  Q.  PILSON,  1975.     Copper  uptake  and  excretion  by  Busycon  canalicu- 

'  latitm  L.     Biol.  Bull.,  148:  1-15. 

BOVVEN,  H.  J.  M.,  1966.     Trace  Elements  in  Biochemistry.    Academic  Press,  New  York,  241  pp. 
BRYAN,  G.  W.,  1971.     The  effects  of  heavy  metals   (other  than  mercury)   on  marine  and  estu- 

arine  organisms.    Proc.  Roy.  Soc.  London  Series  B,  177 :  389-410. 
DIEHL,  H.,  AND  G.  F.  SMITH,  1958.     The  Copper  Reagents:  Cuproinc,  Ncocuproinc,  and  Batho- 

cnproine.    The  G.  F.  Smith  Chemical  Company,  Columbus,  Ohio,  48  pp. 
HARRY,  H.  W.,  AND  D.  ALDRICH,   1963.     The  distress  syndrome  in   Taphius  glabratus    (Say) 

as  a  reaction  to  toxic  concentrations  of  inorganic  ions.    Malacologia,  1  :  283-287. 
MARKS,  G.  W.,  1938.     The  copper  content  and  copper  tolerance  of  some  species  of  mollusks  of 

the  southern  California  coast.    Biol.  Bull,  75 :  224-237. 
RILEY,  J.  P.,  AND  D.  TAYLOR,  1968.     Chelating  resins  for  the  concentration  of  trace  elements 

from  seawater  and  their  analytical  use  in  conjunction  with  atomic  absorption  spectro- 

photometry.    Analytica  Chini.  Acta,  40:  479-485. 
SHUSTER,  C.  N.,  AND  B.   H.   PRINGLE,   1968.     Effects  of  trace  metals  on  estuarine  mollusks. 

Pages  285-304  in  Proceedings,  First  Mid-Atlantic  Industrial  Waste  Conference,  Uni- 
versity of  Delaware,  CE-5. 
SCOTT,  D.  M.,  AND  C.  W.  MAJOR,  1972.     The  effect  of  copper  (II)  on  survival,  respiration,  and 

heart  rate  in  the  common  blue  mussel,  Mytilus  ediilis.    Biol.  Bull.,  143:  679-688. 
UZMAN,  L.  L.,  1956.    The  histochemical  localization  of  copper  with  rubeanic  acid.     Lab.  Invest.. 

5  :  299-305. 
YAGER,  C.  M.,  AND  H.  W.  HARRY,  1964.     The  uptake  of  radioactive  zinc,  cadmium,  and  copper 

by  the  freshwater  snail,  Taphius  glabratus.    Malacologia,  1 :  339-353. 


Reference:  Bwl.  Hull.,  148:  26-34.      (February,   1975) 


THE  ANOMALOUS  INFLUENCE  OF  SALINITY  ON  TEMPERATURE 

TOLERANCES  OF  SUMMER  AND  WINTER  POPULATIONS  OF 

THE  COPEPOD  EURYTEMORA  AFFINIS 

BRIAN  P.  BRADLEY 

Department  of  Biological  Sciences,  University  of  Maryland  Baltimore  County. 

Catonsvillc,  Maryland  21228 

One  of  the  more  important  variables  in  the  estuaries  and  other  environments 
is  temperature.  In  these  environments,  survival  of  organisms,  especially  the  more 
passive  forms,  depends  on  their  tolerance  to  daily  and  seasonal  fluctuations  in 
temperature. 

Temperature  tolerances  are  in  turn  modified  by  other  variables  such  as  salinity 
and  dissolved  oxygen.  These  three  variables  are  seasonally  related  in  the  estuary. 
Dissolved  oxygen  is  physically  dependent  on  temperature  and  to  some  extent 
salinity. 

Previous  work  on  temperature  effects  on  marine  invertebrates  is  reviewed  by 
Kinne  (1963,  1964,  1967,  1970).  General  treatments  appear  in  Remane  and 
Shlieper  (1971)  and  in  Vernberg  and  Vernberg  (1972).  These  works  also  in- 
clude discussions  of  the  modifying  effects  of  other  variables.  The  classic  paper  on 
interacting  variables  is  by  McLeese  (1956),  working  with  the  lobster  Hoinarus 
oincricanus,  who  found  that  temperature  of  acclimation,  salinity  and  oxygen  ten- 
sion all  influenced  the  upper  lethal  temperature. 

The  present  paper  reports  on  experiments  which  were  designed  to  find  a 
suitable  assay  for  thermal  tolerance  in  the  calanoid  copepod  Eiirytcnwra  affinis 
(Poppe),  to  investigate  the  effect  of  salinity  on  temperature  tolerance  and  to  com- 
pare the  tolerances  of  populations  of  E.  affinis  collected  at  different  seasons. 

METHODS 

The  cultures  of  E.  affinis  were  raised  in  sterilized  hay  water  using  the  method 
of  Heinle  (1969b).  Mature  males  were  used  in  all  the  experiments,  although  no 
sex  differences  in  thermal  tolerance  were  detected  in  preliminary  studies. 

Elevated  temperatures  were  obtained  using  a  thermostatically  controlled  heating- 
stirring  unit  in  an  aquarium  in  which  shell  vials  containing  the  test  animals  were 
placed.  Water  temperature  was  carefully  monitored  and  no  temperature  gradi- 
ents were  detected  in  the  aquarium.  Time  lags  in  temperature  in  the  vials  were 
34-90  seconds,  depending  on  the  external  temperature.  Low  temperatures  were 
obtained  using  a  cold  room  (2°  C)  and  the  heating  unit  used  if  necessary. 

High  temperature  tolerance  in  the  initial  experiments  was  measured  as  the 
temperature  at  which  half  the  test  animals  became  inactive.  Temperature  was 
raised  slowly,  one  degree  every  five  minutes.  Low  temperature  tolerance  was 
measured  similarly. 

In  subsequent  assays,  copepods  were  tested  individually  and  their  times  and 
temperatures  of  collapse  and  their  times  of  recovery  at  room  temperature  noted. 
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Times  to  succumb  (TS)  and  times  to  recover  (TR)  of  individual  copepods  subjected 
to  sequential  temperature  changes  and  their  correlations. 
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Traits 

Obs. 

Mean  ±  S.E.  Minutes 

1  =  TS,  slow  increase  25-35°  C 

26 

44.0  ±  0.8 

2  =  TR  at  25°  C,  from  35°  C 

26 

12.3  ±  1.3 

3  =  TS,  slow  decrease  25-3°  C 

10 

36.1  ±  0.8 

4  -  TRat  25°  C,  from  3°  C 

10 

3.5  ±0.5 

5a  =  TS,  34.5°  C  shock,  no  prior  cold  exposure 

10 

4.9  ±  0.7 

5b  =  TS,  34.5°  C  shock,  with  prior  cold  exposure 

10 

6.1  ±0.6 

6a   =  TR  at  34.5°  C,  no  prior  cold  exposure 

10 

9.4  ±  2.4 

6b  =  TR  at  34.5°  C,  with  prior  cold  exposure 

10 

13.8  ±  4.0 

Correlations* 

2 

3 

4 

5a 

51, 

6a 

6h 

1 

-.66 

0.58 

-.36 

0.06 

0.50 

-.50 

-.47 

2 

-.13 

0.09 

0.14 

-.66 

0.42 

0.37 

3 

-.27 

0.42 

-.39 

4 

0.02 

0.36 

5a 

-.65 

5b 

-.39 

*  With  10  observations,  correlations  of  0.58  and  higher  are  significant  (P  <  0.05). 

In  all  the  tests  where  temperature  was  raised  gradually  the  upper  limit  of  tolerance 
was  around  35°  C,  regardless  of  test  salinity  and  osmotic  acclimation.  Thus  a 
more  discriminating  assay  was  needed. 

Following  the  work  of  Battaglia  (1967)  on  recovery  from  osmotic  shock,  the 
assay  finally  used  was  based  on  the  time  to  succumb  (TS)  and  time  to  recover 
(TR)  from  a  temperature  shock  of  34.5°  C  (just  below  the  critical  temperature 
noted  above).  For  this  assay  single  individuals  in  2  ml  water  in  shell  vials  were 
placed  in  the  aquarium  kept  at  a  constant  34.5°  C,  using  the  heating-stirring  unit. 
The  assay  continued  for  30  minutes.  Those  animals  which  had  not  recovered  at 
the  end  of  the  assay  were  given  a  TR  score  of  30-TS  minutes.  The  times  to 
succumb  and  times  to  recover  were  combined  in  an  index  (30  +  TS  -  TR  )  for 
ease  of  interpretation.  This  index  and  the  alternatives  to  it  are  discussed  further 
in  the  results  section. 

Salinity  was  measured  using  a  refractometer,  each  measurement  being  checked 
by  at  least  one  other  observer.  Animals  were  acclimated  to  various  salinities  for 
24  hours,  except  where  noted. 

RESULTS 
Temperature  tolerance  measured  by  the  succnmb-rccorcry  method 

In  the  initial  experiment,  26  animals  were  exposed  to  a  gradually  increasing 
temperature  (to  35°  C),  half  of  those  recovering  (10)  to  gradually  decreasing 
temperature  (to  30°  C)  and  all  of  them,  subsequently,  to  a  shock  of  34.5°  C.  The 
times  to  succumb  (TS)  and  recover  (TR)  were  observed  in  all  cases,  recovery 
being  at  room  temperature  (25°  C).  The  means  and  standard  errors  of  the  eight 
measurements  and  the  correlations  among  them  are  shown  in  Table  I. 
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TABLE  II 

Times  to  succumb  (TS)  and  times  to  recover  (TR)  from  temperature  shock  of  two  populations 
of  E.  affinis  acclimated  for  24  hours  at  four  salinities. 


Salinity  %0 

3 

9 

12 

15 

Populations 

Mar 

Aug 

Mar 

Aug 

Mar 

Aug 

Mar 

Aug 

TS  minutes 

3.1 

4.2 

3.5 

4.3 

2.8 

6.0 

5.3 

13.3 

TR  minutes 

18.9 

13.2 

8.3 

5.9 

12.6 

4.7 

3.1 

1.6 

Number  of  obs. 

19 

19 

19 

19 

10 

10 

10 

10 

F  values  and  significances 

TS 

TR 

Between  populations 

14.6** 

11.1** 

Between  salinities 

12.4** 

20.6** 

3  vs.  9,  12,  15%0 

6.0* 

52.3** 

9  vs.  12,  15%0 

13.0** 

l.Of 

12  vs.  15%o 

18.3** 

8.4** 

Interaction 

5.0** 

l.lf 

*  P  <  0.05 

**  P  <  0.01 

f  Not  significant 

Standard  deviations  within  subclass  were  3.6  minutes  (TS)  and  6.9  minutes  (TR) 

As  expected,  animals  resisting  the  shock  for  the  longest  period  tended  to  re- 
cover earlier.  The  12  correlations  between  the  various  TS  and  TR  are  negative, 
with  two  exceptions.  The  average  correlation  between  TS  and  TR  is  —0.34 ;  and 
between  TS  and  the  TR  immediately  following  is  —0.49.  The  4  correlations 
between  times  to  succumb  are  all  positive,  averaging  0.39,  as  are  those  between 
times  to  recover,  averaging  0.31.  Thus  there  appears  to  be  consistency,  not  only 
between  times  to  succumb  and  recover  but  also  between  high  and  low  temperature 
tolerances.  At  least  there  does  not  seem  to  be  a  negative  correlation  between 
tolerance  to  high  and  to  low  temperatures,  as  might  have  been  expected.  And 
finally,  cold  shock  did  not  significantly  affect  subsequent  tolerance  to  high  tem- 
perature shock. 

Strain  differences  influenced  by  salinity  with  acclimation 

Descendents  of  animals  collected  in  March  1973  from  the  Patuxent  River 
(Maryland)  were  compared  with  progeny  of  a  sample  collected  further  upstream 
in  August  1973.  Tests  were  done  in  the  salinities  at  the  collection  sites  (6%o  for 
A I  arch  and  <\%c  for  August)  and  also  after  acclimation  in  the  other  salinity. 
The  critical  upper  temperature,  when  raised  gradually,  was  slightly  higher  for 
August  O-l'/c  than  for  March  6%0  (35.7,  34.4°  C),  and  for  August  in  6%0  than 
for  March  in  0-1/^e  (35.5,  34.1°  C).  Average  times  of  recovery  (at  room  tem- 
perature) were  5,  6,  9,  and  15  minutes,  respectively.  Thus  the  August  population 
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Times  to  succumb  (TS)  and  times  to  recover  '  TR)  from  ten/ /><-nilnn-  slunk  of  two  populations 
of  E.  affinis  at  two  salinities  without  anlimation. 


Population 

Salinity  %,, 

0-1 

12 

Mar 

Aug 

Mar 

Aug 

TS  niin 
TR  min 
Number  of  obs. 

2.9 
20.3 

10 

3.1 
13.4 

10 

3.4 
12.2 
10 

5.2 
9.5 
10 

F  values  and  significances 

TS 

TR 

Between  populations 
Between  salinities 
Interaction 

14.3** 
24.1** 
9.1** 

2.4f 
3.8f 
0.5J 

**  P  <  0.01 

t  Not  significant 

Standard  deviations  within  subclass  were  0.8  minutes  (TS)  and  9.7  minutes  (TR) 

seems  more  tolerant  to  high  temperature  at  both  salinities.  And  tolerance  seems 
greater  in  the  salinities  in  which  the  samples  were  originally  collected.  \Yhile 
there  is  a  suggestion  of  a  strain  difference  in  these  results,  they  imply  again  that 
temperature  of  inactivation  is  not  a  useful  measure  and  also  that  the  tests  should 
he  done  on  individuals. 

Individuals  from  the  two  populations  acclimated  to  four  salinities  were  tested 
using  the  shock-recovery  assay.  Days  and  salinities  are  partially  confounded  in 
the  analysis,  but  at  any  salinity  the  results  were  repeatable  between  days.  The 
results  are  shown  in  Table  II.  Clearly  there  were  strain  (population)  differences 
and  salinity  differences  in  both  time  to  succumb  (TS)  and  to  recover  (TR)  ;  and 
salinity  enhanced  the  strain  difference,  especially  in  TS.  According  to  the  means 
and  the  analyses  of  variance  the  critical  change  in  salinity  was  between  9  and 
15/«f  for  TS  and  between  3  and  the  higher  salinities  for  TR.  Whether  measured 
by  TS  or  TR,  raising  the  salinity  from  12  to  15/{f  greatly  increased  the  tolerance 
of  both  populations.  Note  that  the  effect  of  salinity  was  more  systematic  on  the 
August  population  than  on  the  March  population.  Tests  were  not  done  at  salin- 
ities higher  than  \5f/(c  since  the  animals  became  almost  inactive,  although  their 
behavior  at  15/co  seemed  quite  normal. 

Some  of  the  animals  tested  at  I5c/ro  did  not  succumb  during  the  30  minute  as.-uy 
period.  These  were  given  arbitrary  scores  of  29  minutes  and  1  minute  for  TS 
and  TR,  respectively.  The  assay  at  15'/<  was  repeated  with  the  same  animals 
at  a  higher  temperature  (36°  C).  The  means  for  TS  were  4.2  (March)  and  5.0 
minutes  (August)  and  for  TR  were  14.3  (March)  and  3.0  minutes  (August). 
The  difference  between  populations  in  TS  was  not  significant  (0.05  <  '  0.10). 
The  difference  in  TR  was  significant  (P  <  0.01). 
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TABLE  IV 

Relationships  between  time  to  succumb  and  lime  to  recover  in  two  populations 
of  E.  affinis  with  and  without  salinity  acclimation. 

With  salinity  acclimation  (3,  9,  12,  15%0) 


d.f. 

Sum  of  Squares 
(TS) 

Sum  of 
Products 

Sum  of  Squares 
(TR) 

r 

Populations/salinity 
Salinities 
Within 

4 
3 
108 

389.5 
488.8 
1411.6 

-    250.3 
-    853.1 
146.5 

677.9 
2904.4 
5076.7 

-0.49 
-0.72 
-0.05 

Total 

115 

2289.9 

-1230.9 

8659.0 

-0.27 

Without  salinity  acclimation  (0-1  and  \2%c) 


Populations/salinity 

Salinities 

2 
1 

16.4 
16.9 

-     31.1 
78.1 

274.5 
360.0 

-0.46 

* 

Within 

36 

23.8 

13.9 

3416.6 

-0.04 

Total 

39 

57.1 

123.1 

4051.1 

-0.26 

*  With  one  degree  of  freedom  the  correlation  is  trivially  —  1. 

Strain  differences  influenced  by  salinity  u'itJwiit  acclimation 

When  animals  were  tested  at  salinities  of  0-1  %o  and  12/{f,  without  acclima- 
tion, the  effects  of  salinity  and  population  on  TR  were  not  significant  (Table  III). 
Salinity  and  population  still  had  a  significant  effect  on  TS.  The  differences  be- 
tween populations  were  in  the  same  direction  but  smaller  than  in  the  tests  after 
salinity  acclimation.  The  effect  of  salinity  acclimation  was  greater  in  the  August 
population  than  in  the  March  population. 

The  relationship  between  TS  and  TR 

As  was  the  case  in  an  earlier  experiment  (Table  I)  the  correlations  between 
times  to  succumb  and  times  to  recover  tended  to  be  negative.  We  can  now  con- 
sider in  more  detail  the  relationships  between  TS  and  TR  in  the  experiments 
reported  above.  The  sums  of  squares  for  TS  and  TR,  the  cross-products  and  the 
associated  correlation  coefficients  are  shown  in  Table  IV.  All  the  correlation 
coefficients,  whether  between  population  means,  salinity  means  or  for  individuals 
within  classes,  are  negative.  The  correlations  between  population  mean  TS  and 
TR  are  shown  within  salinity,  since  with  only  one  degree  of  freedom  between 
populations  overall  the  correlation  must  be  +1  or  — 1.  There  is  remarkable  simi- 
larity between  the  correlations  in  the  experiments  with  and  without  salinity  ac- 
climation. The  largest  correlations  are  between  the  mean  TS  and  TR  of  popu- 
lations at  each  salinity  (see  Tables  II  and  III  for  the  means). 

Indices  of  temperature  tolerance 

To  express  temperature  tolerance  as  a  single  value,  it  seemed  reasonable  to 
combine  TS  and  TR  into  an  index.  While  TS  and  TR  are  related,  as  discussed 
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TABLE  V 

Indices  of  temperature  tolerance  of  two  populations  of  E.  amnis 
(Index  =  30  +  TS  -  TR). 
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Salinity  %c  (with  acclimation) 

3 

9 

12                              15 

March  population 
August  population 

14.2 
21.0 

25.2 
28.4 

20.2                   32.2 
31.3                   41.7 

Salinity  %c  (without  acclimation) 

0-1 

12 

March  population 
August  population 

12. 
19. 

6 

7 

21.2 

25.7 

F  values  and  significances 

With  acclimation 

Without  acclimation 

Between  populations 
Between  salinities 
3  i-5.  9,  12,  \5%c 
9  1-5.  12,  I5%o 
12  vs.  I5%o 
Interaction 

21.4** 
26.9** 
54.4** 
6.4* 
20.0** 
1.3| 

3.5f 
5.5* 

0.2f 

*  P  <  0.05 
**  P  <  .0.01 
f  Not  significant 

Standard  deviations  within  subclass  were  7.9  minutes  (with  acclimation)  and  9.8  minutes  (with- 
out acclimation) 

above,  they  are  not  so  closely  related  that  inclusion  of  both  in  an  index  is  redun- 
dant. Four  alternative  possibilities  are  listed ;  I  Rank  on  TS,  then  on  TR ;  II 
Sum  the  rankings,  downward  by  TS  and  upward  by  TR ;  III  30  +  TS--TR, 
30  added  to  keep  index  positive;  IV  100  +  (TR  X  TS)  •-  (TS  X  TR),  inversely 
weighting  by  means  and  adding  100  to  keep  index  positive. 

These  indices  can  be  compared  on  a  limited  scale  using  the  data  from  the 
animals  shocked  twice  in  \5c/ic,  as  described  earlier.  An  effective  index  of  tolerance 
should  result  in  somewhat  similar  rankings  of  the  animals  in  both  assays.  Using 
each  of  the  above  indices  in  turn,  the  relative  tolerances  at  each  shock  tempera- 
ture are  quite  similar.  Selecting  the  top  10  animals  (of  20)  within  strain  at  each 
temperature  shock  we  find  that  using  index  I  or  II.  five  animals  are  selected  in 
both  assays;  and  using  III  or  IV,  six  are  commonly  selected.  Thus  there  is  no 
difference  between  the  indices  in  this  limited  test  of  them.  Index  III  seems 
preferable  since  it  is  a  simple  function  of  TS  and  TR.  The  variance  of  this  index 
is  also  a  simple  function  of  the  variances  and  the  covariance  between  TS  and  TR. 
Since  the  covariance  is  subtracted  and  is  negative,  the  index  variance  actually 
exceeds  the  sum  of  the  variances  of  TS  and  TR.  The  more  variable  component 
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contributes  more  to  the  index  variance  and  so  to  the  discrimination,  which  is 
appropriate  if  the  variance  reflects  innate  differences  between  animals.  One  could 
of  course  find  an  index  to  maximize  strain  differences  over  all  the  assays,  but 
even  then  it  might  apply  only  to  the  current  data. 

In  a  later  experiment  12  animals  were  tested  and  then  re-tested  after  a  period 
of  about  one  hour  at  room  temperature.  The  top  five  animals  were  the  same  in 
both  assays  and  the  correlation  (repeatability)  between  the  two  index  III  values 
was  0.83.  Consequently,  one  might  infer  that  the  index  is  measuring  an  inherent 
property  of  the  animal  quite  accurately.  The  repeatabilities  for  times  to  succumb 
and  to  recover  were  0.62  and  0.75,  respectively,  both  below  0.83.  One  of  the 
12  animals  did  not  succumb  on  either  occasion.  The  average  index  was  slightly 
higher  in  the  second  assay,  so  shocking  the  animals  did  not  appear  to  decrease 
their  tolerance. 

Using  index  III  (30  +  TS  -  •  TR),  the  analyses  shown  in  Tables  II  and  III 
were  repeated  and  the  results  are  in  Table  V.  Trends  already  noted  are  now 
clearer.  There  is  a  systematic  increase  with  salinity  in  tolerance  of  the  August 
population.  The  distinction  between  populations  in  \2(/u  is  greater  following 
salinity  acclimation.  The  advantage  of  the  index  over  either  TS  or  TR  alone 
is  suggested  by  the  greater  proportion  of  total  variances  attributable  to  popula- 
tion differences  in  the  assays  following  salinity  acclimation  (compare  F  values  in 
Tables  II  and  V).  In  the  assay  without  acclimation,  the  distinction  using  TS 
alone  is  greater  (Tables  III  and  V). 

The  results  of  re-analysis  of  the  data  from  36°  shock  at  \S'/ic  (acclimated) 
are  not  shown  in  Table  V.  The  index  values  were  19.9  (March)  and  32.0 
(August)  and  the  difference  is  significant.  As  with  the  other  assays  on  acclimated 
animals,  the  proportion  of  variance  removed  by  populations  is  greater  with  the 
index  than  with  TS  or  TR  alone.  Thus  in  general  the  index  seems  to  enhance 
ascertainment  of  thermal  tolerance,  at  least  between  the  two  populations  used  in 
this  study. 

Lower  temperature  tolerances 

Low  temperature  tolerances  of  the  March  and  August  populations  were  in- 
vestigated to  a  limited  extent,  using  a  temperature  shock  at  2.5°C.  At  3%0 
salinity  (acclimated),  means  of  TS  were  3.4  (March)  and  2.6  (August)  and  of 
TR  were  6.7  (March)  and  4.7  (August).  At  9%c,  four  of  the  ten  March  animals 
did  not  succumb.  The  average  TS  and  TR  of  the  remainder  were  6.1  and  5 
minutes,  respectively.  None  of  the  August  animals  succumbed  at  9',,,.  Thus 
there  appear  to  be  strain  differences  at  9c/<o  for  lower  tolerance.  The  difference 
between  populations  tested  in  Z%c  were  not  significant.  Increasing  salinity  seems 
to  widen  the  range  of  tolerance  as  well  as  increase  the  upper  limits  of  temperature 
tolerance. 

DISCUSSION 

The  experiments  described  clearly  show  how  salinity  modified  the  effects  of 
temperature.  The  results  agree  with  other  cases  reviewed  by  Kinne  ( 1964) 
where  resistance  to  temperature  extremes  increased  with  salinity.  The  classic 
work  on  this  subject  is  that  of  McLeese  (1956)  with  the  lobster  Honuinis  aincri- 
cunns.  He  found  systematic  increases  in  upper  lethal  temperature  with  increase 
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in  salinity  and  also  with  increasing  acclimation  temperature  and  oxygen  concen- 
tration. Other  examples  of  the  effects  of  salinity  on  temperature  sensitivity  are 
given  by  Schlieper  in  Remane  and  Schlieper  (1971),  including  work  by  Ranade 
(1957)  on  the  copepod  Tigriopits  juh'iis  showing  a  continuous  rise  in  lethal 
temperatures  as  a  function  of  salinity.  Thus  there  seems  to  be  quite  general 
agreement  on  the  enhancement  of  temperature  tolerance  by  increasing  salinity,  at 
least  in  the  range  below  stressful  salinities. 

The  effect  of  salinity  acclimation  was  more  marked  in  the  August  population, 
resulting  in  a  greater  distinction  between  the  populations  following  acclimation. 
Also  there  was  a  differential  effect  of  increasing  salinity  resulting  in  increasing 
distinction  between  the  populations  at  higher  salinities.  This  suggests  that  since 
strain  differences  are  enhanced,  individual  differences  in  tolerance  may  be  en- 
hanced at  higher  salinities.  One  way  to  determine  this  would  be  to  select  for 
tolerance  at  more  than  one  salinity. 

It  should  be  emphasized  that  what  has  been  shown  by  the  data  reported  here 
is  a  repeatable,  salinity-dependent  difference  in  temperature  tolerance  between  two 
populations  of  Enrytcnwra,  which  were  collected  originally  in  March  and  in 
August.  I  have  not  demonstrated  that  there  is  a  difference  in  tolerance  in  winter 
and  in  summer.  To  establish  such  a  difference  the  effects  of  other  variables,  in- 
cluding salinity,  must  first  be  removed.  We  have  preliminary  evidence  that  tem- 
perature acclimation  has  a  significant  influence  on  temperature  tolerance. 

The  question  of  the  nature  of  seasonal  differences  in  temperature  tolerance, 
if  they  exist,  therefore  remains  open.  The  adaptive  strategy  of  the  species  may 
well  be  a  combination  of  genetic  and  physiological  adjustment.  I  now  discuss 
the  curious  discrepancy  between  our  results  on  temperature  tolerance  and  the 
distribution  of  Euryteniora  in  the  wild. 

As  suggested  by  the  title  of  the  paper,  the  effect  of  salinity  on  temperature 
tolerance  is  not  consistent  with  the  observed  distribution  of  Euryteniora  in  the 
Chesapeake  Bay  region.  During  the  warm  summer  months  it  is  confined  to  the 
upper  fresher  reaches  of  rivers  around  the  bay.  We  collected  samples  at  28°  C 
in  nearly  fresh  water  in  August.  This  temperature  is  near  the  upper  tolerance 
level,  at  least  in  laboratory  culture — I  could  not  culture  E.  affinis  at  30°  C,  nor 
could  Heinle  (1969a).  Yet  we  found  thermal  tolerance  was  greatest  in  15/£e, 
a  salinity  beyond  the  range  in  which  the  species  is  normally  found  at  any  season. 
So  why  should  the  general  increase  in  salinity  with  rising  average  temperature 
result  in  a  retreat  of  the  species  to  areas  of  lower  salinity?  The  inference  is  that 
there  is  no  cause-effect  relationship  between  salinity  and  the  distribution  of  E. 
affinis,  so  other  explanations  must  be  invoked. 

One  factor  contributing  to  the  observed  distribution  might  be  increased  preda- 
tion  in  the  summer  and  fall.  This  seems  unlikely  since  Heinle  (1970)  found  the 
density  of  Euryteniora  was  less  affected  by  predation  than  that  of  Acartia  tonsa 
(Dana).  So  unless  there  is  selective  predation,  other  species  should  be  affected 
at  least  as  much  as  E.  affinis. 

A  more  likely  factor  influencing  the  distribution  of  Euryteniora  is  competition, 
especially  with  the  dominant  summer  species,  Acartia  tonsa.  According  to  Heinle 
(1969a,  Fig.  10)  the  growth  rate  and  productivity  of  E.  affinis  is  equal  to  that 
of  Acartia  at  12°  C  but  only  half  as  great  at  25°  C.  Furthermore  the  density  of 
Acartia  may  be  closely  related  to  phytoplankton  production,  whereas  the  density 
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of  E.  a  [finis  is  not,  resulting  in  additional  competitive  advantage  to  Acartia  in  the 
summer  (Heinle,  personal  communication). 

I  wish  to  thank  Joanne  Janyska  for  collecting  the  data,  Frank  Hanson  for 
critically  reading  the  manuscript  and  Donald  Heinle  for  advice  on  rearing  the 
cultures.  The  work  was  supported  by  NSF  Grant  GA  3362S. 

SUMMARY 

1.  Thermal   tolerances   of   populations   of   Eitrytcinoru    affinis    were    measured 
using  two  basic  methods,  at  various  salinities  with  and  without  acclimation.     Little 
distinction  in  tolerances  was  made  using  temperature  of  inactivation.     A  more  use- 
ful assay  was  temperature  shocking  at  34.5°  C,  observing  time  to  succumb   (TS) 
and  time  to  recover  ( TR)  over  a  30  minute  period. 

2.  Using  the  shock-recovery  assay,  there  were  repeatable  and  significant   dif- 
ferences  in   tolerance   between   populations   collected    in    March   and   August   and 
also  between  salinities.     Average  tolerances  and  differences  between   populations 
generally  increased  with  salinity. 

3.  The  distinction  between  populations  in  thermal  tolerance  was  greater  when 
the  animals  were  osmotically  acclimated  for  24  hours. 

4.  A   simple  index   of  tolerance   combining  TS   and   TR   was   suggested.      In 
most  cases  the  proportional   variance  between   populations,  using  the   index,   was 
increased  over  TS  and  TR. 

5.  The  seasonal  distribution  of  E.  affinis  is  contrary  to  that  expected  from  the 
thermal   tolerance-salinity    relationship    reported    here.      The    explanation    offered 
is  that  other  species,  for  example  Acartia   tonsa,   are  at  a  competitive  advantage 
during  the  summer  and  fall  because  of  faster  growth  rate  and  greater  dependence 
on  phytoplankton. 
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A  dark  brown  acoel  lias  been  collected  for  a  number  of  years  in  bottom  mud 
samples  from  Great  Harbor  and  Buzzards  Bay  near  Woods  Hole,  Massachusetts 
for  use  in  class  and  experimental  work.  In  tbe  summer  of  1965  I  found  a  large 
population  of  tbe  same  species  living  intertidally  in  tbe  salt  marsh  bordering  Barn- 
stable  Harbor  near  West  Dennis,  Massachusetts.  Since  that  time  I  have  collected 
this  species  at  a  number  of  locations  on  tbe  East  Coast  from  Portsmouth,  New 
Hampshire  to  Sandy  Hook.  New  Jersey.  Because  of  the  presence  of  two  distinct 
and  conspicuous  male  reproductive  organs  at  the  posterior  end  of  the  animals 
it  was  natural  for  investigators  to  equate  this  species  with  CJiildia  spinosa  which 
was  collected  and  described  by  Graff  during  his  visit  to  Woods  Hole  in  1907 
(Graff,  1911).  Since  C.  spinosa  has  been  shown  to  be  tbe  same  species  as  C. 
grocnlandica  (Levinson,  1879)  (see  Hyman.  1959),  several  workers  have  recently 
published  accounts  using  that  designation  (personal  communication  and  Henley, 
1968  and  1974;  Costello.  Henley  and  Ault,  1969;  Boyer.  1971).  However,  a 
careful  study  of  tbe  anatomy  of  these  brown  acoel s  shows  that  they  do  not 
possess  cuticular  stylets  as  in  C.  grocnlandica  but,  on  the  contrary,  have  ever- 
sible  penes  that  preclude  their  being  placed  in  the  genus  Childia  at  all.  In  fact 
it  is  necessary  to  set  up  a  new  genus  and  I  am  therefore  describing  them  as 
Neochildia  fiisca  n.  gen.,  n.  sp.  and  am  presenting  the  data  not  previously  pub- 
lished which  I  have  obtained  concerning  their  ecology  and  life  history.  It  may 
also  be  noted  here  that,  in  spite  of  repeated  efforts  and  extensive  collecting,  I 
have  not  been  able  to  find  specimens  of  C.  grocnlandica  at  the  type  locality  (for 
C.  spinosa}  nor  any  place  else  along  our  coast,  nor  have  I  found  anyone  else  who 
has  seen  it.  It  would  be  of  great  interest  to  obtain  specimens  that  correspond  to 
Graff's  description  for  study. 

MATERIALS  AND  METHODS 

Materials  for  this  study  were  secured  in  two  ways:  (1)  by  taking  samples  of 
substrate  in  sand  or  muddy  sand  areas  along  marsh  streams;  (2)  by  grab  sam- 
pling of  muddy  bottoms  in  bay  areas  near  marshes.  Samples  were  brought  in 
to  the  lab  and  allowed  to  stand  for  several  hours  or  overnight,  by  which  time  the 
animals  would  have  come  up  to  lie  on  the  surface  and  could  be  picked  up  with  a 
medicine  dropper  and  transferred  to  small  Syracuse  dishes  together  with  a  little 
of  the  substrate  and  the  associated  organisms  to  serve  as  food.  Many  specimens 
kept  in  such  dishes  survived  for  weeks  although  egg  laying  usually  ceased  after  a 
few  days.  Young  hatched  from  eggs  laid  in  such  cultures  were  raised  for  up  to 
two  months  until  the  cultures  had  to  be  abandoned. 
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The  life  history  was  studied  by  making  regular  monthly  collections  at  the  West 
Dennis,  Massachusetts  salt  marsh  which  was  relatively  easy  of  access  throughout 
the  year.  Half-pint  plastic  containers  were  filled  with  the  upper  1-2  cm.  of  sand 
along  the  stream  where  the  animals  were  known  to  occur.  The  specimens  were 
counted  and  measurements  of  length  were  made  as  they  moved  along  in  a  large 
drop  of  water  on  a  slide.  Slight  flattening  of  the  animal  by  a  coverslip  after 
measuring  allowed  a  determination  of  sexual  condition  and  general  maturity  to  be 
made.  Collections  in  the  winter  had  to  be  made  by  taking  trash  along  the  deeper 
parts  of  the  stream  where  the  animals  had  migrated  from  the  sand.  Many  grab 
samples  taken  at  various  times  as  well  as  the  experience  of  the  supply  department 
at  the  Marine  Biological  Laboratory  gave  additional  data  for  comparison  with 
that  obtained  at  the  marsh. 

Many  specimens  were  studied  alive  with  ordinary  light  microscopy  and  with 
phase  contrast.  Most  whole  mounts  and  serial  sections  were  prepared  by  flooding 
with  Bouin's  fixative  at  room  temperature  although  some  other  methods  were  also 
employed  for  comparison,  such  as  fixation  with  glutaraldehyde,  freezing  with  CO-2, 
etc.  Whole  mounts  were  made  of  both  stained  and  unstained  animals  both  with 
and  without  bleaching.  The  most  satisfactory  stain  for  whole  mounts  was  found 
to  be  either  Grenadier's  borax  carmine  or  Riser's  stain  (Jones,  1966,  page  245 
F39,  page  269  ¥177).  Sections  were  made  in  paraffin  at  8  p.  and  stained  with 
hematoxylin  and  eosin,  Delafield's  hematoxylin  and  eosin,  Mallory's  triple  stain 
or  special  stains  for  particular  facets  of  the  histology. 

OBSERVATIONS,  RESULTS  AND  DISCUSSION 
Systematic  section 

Neochildia  n.  gen. 

The  structure  of  the  penes  in  A",  fusea  clearly  distinguishes  this  species  and 
makes  it  necessary  to  set  up  a  new  genus.  The  fact  that  the  penes  are  inverted 
into  the  seminal  vesicles  as  short  straight  tubes  with  some  granular  material  at 
the  proximal  end  is  somewhat  similar  to  the  condition  in  several  genera  of  the 
family  Conrolntidac  as  defined  by  Dorjes  (1968),  e.g..  Praeaphanostowia,  Pseuda- 
phanostoma,  Pacrlea.  However,  in  the  description  of  none  of  these  do  1  find 
any  mention  of  the  crown  of  muscle  fibers  half  way  along  the  penes  or  of  any 
similar  mechanism  by  which  the  lower  end  of  the  penis  is  spread  open  to  allow 
of  the  eversion  of  only  the  proximal  half.  The  plesiomorphy  here  seems  to  me 
to  be  the  eversibility  of  the  penes  which  is  characteristic  of  the  Family  Convolu- 
tidae :  in  the  crown  of  muscles  and  type  of  eversion  the  genus  Neochildia  has 
evolved  an  apomorphic  character  distinctive  for  this  genus.  The  two  complete 
sets  of  copulatory  organs  constitute  a  good  generic  character,  but  the  doubling 
of  organs  is  not  unusual  in  Turbellaria  and  does  not  have  phylogenetic  significance. 
The  presence  of  unusually  dark  pigment  may  or  may  not  be  a  genetic  character. 
The  definition  of  the  new  species  must  serve  also  as  the  definition  of  the  genus 
until  more  species  are  discovered  which  belong  here. 
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Neochildia  jit  sea  n.  sp. 

TYPES.  Holotype,  a  longitudinal  serial  section  from  Buzzards  Bay  Massachusetts, 
United  States  National  Museum  (USNM)  Cat.  No.  52011;  paratypes,  whole 
mounts  and  serial  sections  from  several  localities,  USNM  Cat.  Nos.  52012-52035 
and  in  the  author's  collection. 

DEFINITION.  Shape  elongated  oval.  Color  dark  brown  with  orange  rhabdite 
packets.  Length  4-6  mm.  Brain  internal  with  typical  statocyst.  Frontal  organ 
not  well  developed.  Mouth  ventral  without  pharynx.  Well  developed  body  wall 
musculature  with  outer  circular,  diagonal,  longitudinal  and  inner  circular  layers. 
Outer  parenchyma  dense  and  not  vacuolated.  Ovaries  and  testes  paired,  testes 
dorso-lateral  to  the  ovaries  and  sometimes  meeting  in  center  behind  the  brain. 
Mature  dark  brown  eggs  lie  dorsal  and  immediately  posterior  to  the  mouth.  No 
female  accessory  organs.  Two  male  copulatory  organs  opening  separately  into 
a  shallow,  ciliated  atrium  with  genital  pore  slightly  dorsal  on  the  posterior  end. 
Walls  of  copulatory  organs  thick,  fibrous,  with  10-12  longitudinal  muscles  spaced 
within  the  circular  fibers.  Penes  eversible,  with  crown  of  small  muscles  attached 
half  way  along  and  acting,  together  with  associated  muscles  in  the  parenchyma, 
to  open  the  distal  end  of  the  penes  when  the  proximal  end  is  everted. 

HABITAT.  Mud  or  sandy  mud  at  depths  to  10  m  all  year ;  in  summer  it  appears 
intertidally  in  brown,  orange,  or  purple  surface  build-up  on  sand  or  sandy  mud 
along  salt  marsh  streams;  in  salinities  from  2.2-35%o. 

COLLECTIONS.  Portsmouth,  New  Hampshire,  intertidal  sandy  mud  behind  Went- 
worth  Hotel  each  year  in  June  1968-72  and  in  August  1973;  West  Dennis,  Massa- 
chusetts, in  marsh  stream  north  of  Aquaculture  Corporation  Laboratory  through- 
out the  years  1965-74;  also  in  Massachusetts  in  bottom  mud  of  Buzzards  Bay,  in 
the  Pocasset  River,  in  marsh  in  Menemsha  Harbor  and  in  Provincetown  Harbor, 
various  times;  New  Jersey,  Sandy  Hook  State  Park  Wildlife  Sanctuary,  Sep- 
tembers 1966-70. 

Description 

COLOR.  Medium  orange  brown  in  immature  individuals  to  dark  chocolate  brown 
in  adults. 

SIZE.  Newly  hatched  0.2-0.35  mm;  at  first  evidence  of  reproductive  organs  1.2- 
1.3  mm ;  older  animals  to  about  4.5  but  a  few  to  6  mm. 

SHAPE.  Oval  with  broadly  rounded  anterior  and  slightly  narrower  rounded  pos- 
terior; body  thick  to  ^0.5  mm,  with  convex  dorsal  and  slightly  concave  ventral 
sides;  lateral  edges  at  times  somewhat  enrolled.  Often  during  spawning  season 
the  posterior  1/6  of  the  body  may  be  suddenly  narrowed,  extended,  and  uptilted 
and  then  as  briefly  withdrawn.  In  this  part  the  sperm  filled  seminal  vesicles  can 
be  seen  as  two  light  colored  ovals.  For  the  significance  of  this  see  the  discussion 
of  reproduction  and  spawning. 

STRUCTURES.  Due  to  the  very  dark  brown  color  many  details  cannot  be  dis- 
tinguished in  the  living  animals.  In  flattened  animals  with  phase  or  light  micro- 
scope the  following  can  be  made  out  (Fig.  1). 
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FIGIKE  1.  Living  Ncochildia  fusca,  slightly  flattened.  Abbreviations  used  are:  a,  atrium; 
b,  brain;  cf,  circular  fibers;  de,  developing  eggs;  e,  epithelium,  es,  eosinophilic  glands;  ec, 
ectocytium ;  en,  endocytium ;  ep,  outer  layers  of  body  wall ;  fg,  frontal  gland ;  gs,  granular 
secretion;  gp,  genital  pore;  p,  penis;  pm,  protractor  muscle;  p\v,  penis  wall;  r,  rbabdite  gland; 
rm,  retractor  muscle;  sb,  sperm  in  bundles;  ssv,  sperm  in  seminal  vesicle;  st,  statocyst;  sve, 
seminal  vesicle  entrance ;  t,  testis ;  ye,  young  eggs. 
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Cilia  over  the  entire  body ;  5  p.  long  on  dorsal  side,  7-8  p.  on  lateral  and  ventral 
sides;  isolated  longer  cilia  scattered  over  body  to  12  /*. 

Color  present  both  as  dark  brown  granules  in  the  outer  epithelium  and  as 
orange  color  in  solution  and  as  orange  rhabdite  packets.  Each  rhabdite  packet 
is  made  up  of  rice-grain-shaped  2.5  /*  long  bodies  which  may  protrude  on  the 
surface  as  orange  papules.  Each  packet  is  the  product  of  a  large  gland  cell  the 
main  part  of  which  lies  inside  the  epithelium.  The  glands  and  thus  the  associated 
papules  are  scattered  at  fairly  regular  intervals  but  are  not  arranged  in  regular 
rows.  They  are  most  numerous  on  the  posterior  third  of  the  body  on  both  dorsal 
and  ventral  sides.  Over  the  rest  of  the  body  there  are  more  on  the  dorsal  than 
on  the  ventral  side  and  at  the  very  anterior  end  none  occur  in  a  small  area  where 
sections  indicate  there  may  be  openings  from  a  kind  of  frontal  gland. 

Mouth  without  a  pharynx,  lying  about  3/5  of  the  way  back  from  the  anterior 

end. 

Statocyst  in  the  midline  about  1/6  of  the  way  from  anterior  end.  Diameter  in 
fixed  mature  specimens  25-30  /A.  One  statolith,  a  slightly  flattened  sphere. 

Female  reproductive  system  without  accessory  ducts  or  bursa.  Developing 
eggs  can  be  seen  arranged  in  irregular  rows  down  each  side  of  the  body  with  the 
largest  just  posterior  to  the  level  of  the  mouth.  Eggs  are  dark  brown  and  ento- 
lecithal. 

Male  reproductive  system  :  in  flattened  animals  during  the  spawning  season 
mature  sperm  can  be  seen  in  light  colored,  coiled,  irregular  clumps  extending  from 
about  the  level  of  the  largest  eggs  to  the  two  male  reproductive  organs  occupying 
the  posterior  1/6  of  the  body.  Seminal  vesicles  appear  as  light  oval  areas  on  each 
side  with  clusters  of  refractile  granules  and  penes  extending  almost  to  the  genital 
pore  which  is  located  slightly  dorsal  to  the  tip  of  the  posterior  end.  Just  inside 
the  pore  there  is  a  shallow  atrium  into  which  the  penes  open  separately.  Testes 
are  not  to  be  distinguished  clearly  except  in  sections. 

Findings  from  sections 

BODY  LAYERS.  The  epithelium  consists  of  cells  whose  outer  parts  form  a  homoge- 
nous appearing  surface  layer  and  whose  inner  ends  with  the  nuclei  are  insunk 
below  and  between  the  underlying  muscle  fibers.  The  homogenous  layer  (epi- 
cytium  of  some  authors)  (Hyman,  1959)  contains  brown  pigment  granules  in  a 
distinct  outer  band  as  well  as  scattered  throughout  the  cell  bodies.  In  some 
sections  the  band  appears  double  with  one  line  of  granules  near  the  surface  at 
the  base  of  the  cilia  and  another  deeper  and  thicker  layer  inside  this.  The  epi- 
cytium  is  penetrated  by  the  necks  of  the  rhabdite  gland  cells,  the  bodies  of  which 
lie  at  various  depths  in  the  underlying  parenchyma.  In  sections  prepared  with 
Bouin's  fixative  and  hematoxylin  stains  the  glands  appear  as  empty  spaces  10-15 
fj.  across  and  25-30  /j.  long.  \Yith  glutaraldehyde  fixation  and  Mallory's  triple 
stain  the  contents  appear  as  a  bubbly  irregular  bright  blue  mass.  In  these  sections 

FIGURE  2.  Cross  section  through  region  of  developing  eggs  and  testes.  Abbreviations  as 
in  Figure  1. 

FIGURE  3.  Cross  section  through  region  of  mature  eggs.     Abbreviations  as  in  Figure  1. 

FIGURE  4.  Diagram  of  a  sagittal  section  of  entire  animal.     Abbrevations  as  in  Figure  1. 
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the  secretions  can  lie  seen  to  protrude  at  the  surface  to  form  the  papules  men- 
tioned above.  In  sections  cut  horizontally  near  the  surface  of  the  body  the  necks 
of  the  glands  appear  as  irregular  circular  spaces  (3-5  in  diameter)  in  the  epi- 
cytium.  In  addition  to  these,  minute  "pin  holes"  (0.5  across)  are  arranged  in 
irregular  lines  and  must  mark  the  outlines  of  the  epithelial  cells.  Their  ap- 
pearance under  high  magnification  suggests  that  they  represent  the  part  of  the 
cell  walls  not  firmly  attached  to  each  other. 

Muscle  fibers  are  well  developed  and  occur  both  in  the  outer  "body  wall" 
and  as  large  dorso-ventral  strands  running  across  the  body.  The  body  wall  muscle 
occurs  in  four  layers :  ( 1")  a  sparse  outer  layer  of  circular  fibers  running  between 
the  inner  ends  of  the  epithelial  cells;  (2)  a  layer  of  two  sets  of  diagonal  fibers 
which  cross  each  other  at  right  angles  and  which  are  either  interwoven  or  very 
closely  associated;  (3)  the  thickest  and  most  conspicuous  layer,  relatively  heavy 
longitudinal  fibers;  (4)  inner  circular  fibers  which  are  very  sparse  over  most  of 
the  body  but  increase  greatly  in  number  in  the  posterior  end  of  the  body.  Nuclei 
and  epithelial  cell  bodies  as  well  as  the  rhabdite  glands  lie  within  the  muscle  layers 
and,  toward  the  inside,  parenchyma  cells  also  occur,  making  this  entire  outer 
wall  a  firm  unit.  Additional  fine  muscle  fibers  are  arranged  in  concentric  circles 
around  the  mouth  so  as  to  form  an  oral  sphincter. 

At  the  posterior  end  of  the  body  the  longitudinal  fibers  converge  toward  the 
genital  pore.  In  this  area  also  both  the  longitudinal  and  circular  layers  are  in- 
creased in  number  so  that  there  is  a  mesh  work  of  fibers  running  perpendicular  to 
each  other  and  spaced  at  intervals  throughout  the  parenchyma  around  the  copula- 
tory  organs. 

The  ectocytium  (peripheral  mesenchyme  of  Hyman  1959)  and  the  endocytium 
(central  mesenchyme  of  Hyman  1959)  are  clearly  distinguishable  (Figs.  2,  3). 
The  ectocytium  is  a  parenchyma  with  rather  closely  spaced  nuclei,  forming  a  firm 
packing  around  the  inner  layer  of  the  body  wall  musculature,  various  gland  cells 
and  the  parts  of  the  nervous  and  reproductive  systems.  The  endocytium,  as  in 
most  acoels,  contains  scattered  nuclei,  lightly  staining  irregular  cytoplasm  and 
vacuoles  with  partially  digested  food  and  storage  granules. 

NERVOUS  SYSTEM.  The  brain  (Fig.  4)  with  the  statocyst  on  its  ventral  side  is 
located  in  the  center  of  a  cross  section  of  the  anterior  end.  Some  eosinophilic 
gland  cells  occur  in  groups  just  posterior  to  the  brain  but  their  ducts,  if  any, 
could  not  be  made  out  and  the  nerves  leading  from  the  brain  are  also  difficult  to 
distinguish  in  my  sections.  A  large  longitudinal  posterior  nerve  proceeding  dor- 
sally  on  each  side  and  at  least  two  anterior  nerves  of  good  size  are  present. 

At  the  anterior  tip  of  the  body  certain  cells  in  the  parenchyma  appear  to  have 
processes  which  run  forward  to  penetrate  the  epithelium.  The  epithelium  at  this 
point  is  somewhat  thinner,  with  shorter  cilia  and,  as  already  noted,  without 
rhabdite  glands.  These  cells  have  nuclei  similar  to  parenchyma  cells,  relatively 
small  amounts  of  cytoplasm  and  only  in  certain  sections  do  their  processes  (or 
ducts?)  take  any  stain.  Their  exact  nature  has  not  been  determined,  but  together 
they  may  be  considered  to  form  a  sort  of  primitive  frontal  gland. 

FEMALE  REPRODUCTIVE  SYSTEM.  The  first  stages  of  egg  development  are  found 
in  the  epicytium  either  a  short  distance  behind  the  brain  near  the  center  or  a 
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little  to  each  side  at  this  level.  Cells  which  can  he  distinguished  as  eggs  by  their 
enlarged  nuclei  and  conspicuous  nucleoli  occur  singly.  Progressively  later  stages 
extend  posteriorly  in  a  line  along  the  body  just  medial  to  the  line  of  developing 
sperm.  The  cytoplasm  in  the  young  eggs  contains  some  brown  pigment  and  as  the 
cytoplasm  increases  in  amount  the  pigment  also  increases  until  the  newly  laid 
eggs  appear  the  same  dark  color  as  the  adult  animals.  Developing  eggs  are  sur- 
rounded by  a  layer  of  nurse  cells  which  disappear  by  the  time  the  eggs  are  ready 
to  he  laid.  Eggs  ready  to  be  laid  lie  in  a  closely  packed  group  pushed  into  the 
endocytium  just  behind  the  mouth  (Fig.  3).  Such  eggs  usually  show  mitotic 
figures,  but  the  complete  cytology  of  their  development  has  not  been  worked  out. 

MALE  REPRODUCTIVE  SYSTEM.  Developing  sperm  occur  in  follicles  which  are 
packed  together  in  compact  testes  lying  dorso-lateral  to  the  eggs  (Fig.  2).  In 
actively  reproducing  animals  the  testes  extend  from  a  point  where  they  meet 
in  the  middle  of  the  body  just  behind  the  brain  to  a  point  just  anterior  to  the 
level  of  the  mouth  on  each  side.  At  other  times  and  in  younger  animals  they 
begin  further  back  on  each  side  of  the  body.  Large  generative  cells  are  found 
scattered  throughout.  The  sperm  in  each  follicle  are  surrounded  by  a  thin  mem- 
brane and  remain  together  as  they  leave  the  testes  and  move  down  the  side  of 
the  animal  to  enter  the  seminal  vesicles. 

My  observations  of  living  sperm  agree  with  the  descriptions  presented  by 
Henley  (1968  and  1974).  In  sections  the  follicles  with  sperm  are  conspicuous 
not  only  because  of  the  surrounding  membrane  and  the  uniform  condition  of  the 
sperm  in  each  one  but  also  because  of  the  refractile  bodies  present  in  the  later 
stages.  The  refractile  bodies  also  make  conspicuous  the  presence  of  individual 
sperm  scattered  throughout  the  tissues  of  many  animals  during  the  spawning 
season.  In  some  specimens  also  large  masses  of  individual  sperm  are  found,  often 
located  at  the  anterior  end  of  the  animal  and  lying  either  just  inside  of  or  partly 
on  the  surface  of  the  epithelium.  Such  a  mass  shows  no  signs  of  membranes 
around  groups  of  sperm  and  is  larger  than  any  single  follicle.  Often  individual 
sperm  appear  to  be  moving  out  of  the  mass  into  the  tissues.  Clearly  these  masses 
as  well  as  the  individual  sperm  in  the  tissues  are  foreign  sperm  deposited  on  the 
surface  of  the  animal  by  a  partner. 

The  two  copulatory  organs  lying  side  by  side  in  the  posterior  end  of  the  body 
are  each  a  separate  entity  opening  separately  into  the  atrium  (Fig.  5).  The 
atrium  itself  is  lined  with  a  pigmented  epithelium  like  that  of  the  exterior  except 
that  the  cilia  are  somewhat  longer  here.  Since  the  two  copulatory  organs  open  into 
it  from  the  anterior  the  atrium  is  broad  anteriorly  and  it  is  short,  narrowing  down 
rapidly  to  the  genital  pore,  so  that  it  is  actually,  when  at  rest,  rather  like  a  fat  heart 
with  the  point  directed  to  the  outside.  When  the  penes  are  protruded  the  genital 
pore  opens  and  turns  outward  so  that  the  atrium  is  partly  obliterated. 

Each  copulatory  organ  is  pear-shaped  with  a  short,  curved,  tube-like  entrance 
extension  at  the  anterio-lateral  corner.  The  anterior  and  widest  part  of  the 
organ  proper  comprises  the  seminal  vesicle ;  the  narrower  posterior  portion  con- 
tains granular  material  and  an  eversible  penis.  The  outer  wall  of  the  organ  is 
composed  of  an  epithelial  lining  and  a  thick  (15-20  p.)  layer  of  fibrous  (muscular?) 
tissue,  which  is  thickest  around  the  seminal  vesicle,  and  thinner  around  the  penis 
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and  at  the  anterior  end.  Around  the  seminal  vesicle  the  fibers  run  circularly  but 
toward  the  distal  end  around  the  penis  the  direction  changes  so  that  the  fibers 
run  longitudinally.  Here  they  are  also  finer.  Around  the  entrance  tube  the 
circular  fibers  gradually  decrease  in  number  until  they  disappear  and  there  is  no 
distinct  end  to  the  tube  clearly  marking  it  off  from  spaces  in  the  surrounding 
parenchyma.  The  fibers  are  distinctly  different  in  staining  reactions  from  muscles 
in  the  surrounding  body  and  from  the  few  muscles  that  form  part  of  the  wall. 
These  latter  are  a  .series  of  widely  spaced  thick  muscle  fibers,  ten  to  twelve  in 
number,  which  run  longitudinally  through  the  circular  fibers  of  the  wall  of  the 
seminal  vesicle.  The  question  of  the  true  nature  of  the  fibers  needs  to  be  studied 
by  histochemistry.  There  are  only  a  few  scattered  nuclei  present  in  the  wall 
among  the  fibers. 

The  epithelial  lining  of  the  seminal  vesicle  is  very  thin  with  scattered  nuclei, 
except  for  the  area  at  the  distal  end  where  it  is  thicker  with  a  number  of  large 
nuclei.  Just  beyond  the  nucleated  area  toward  the  penis  a  large  amount  of 
granular  material  is  found,  the  granules  of  which  are  clumped  in  a  cell-like  ar- 
rangement although  no  nuclei  could  be  found  in  the  clumps.  In  cross  section 
the  appearance  of  this  area  suggests  a  thick  cellular  epithelium  lining  the  organ 
distally  as  far  as  the  penis.  Since  no  granular  gland  cells  can  be  found  elsewhere 
it  is  suggested  that  the  large  epithelial  cells  at  the  end  of  the  seminal  vesicle  act 
as  holocrine  glands  which  break  down  to  form  more  granular  material  after 
ejaculation  has  used  up  that  already  present.  Around  the  penis  itself  a  few  more 
nuclei  indicate  the  presence  of  more  epithelial  cells,  some  of  which  can  be  found 
in  the  lining  of  the  penis  when  it  is  everted.  In  the  living  animal  the  granular 
material  is  evident  as  a  mass  of  glistening  clumps  at  the  proximal  end  of  the  penis. 

The  penis  itself  is  composed  of  very  thin  fibers,  a  thicker  inner  circular  layer 
and  a  very  thin  outer  longitudinal  layer,  which  arrangement  is  reversed,  of  course, 
when  the  penis  is  everted.  The  entire  penis  is  straight,  about  80-100  ^  long; 
its  most  conspicuous  feature  is  the  presence  of  a  crown  of  short  muscle  fibers 
(Figs.  5,  6.  7,  8.  and  see  also  Henley.  1974  Fig.  6B )  which  are  attached  about 
half  way  along  the  inverted  penis  and  which  run  outward  from  there  to  a  point 
at  the  proximal  end  of  the  male  atrium.  At  this  point  a  number  of  fine  muscles 
of  the  ectocytium  also  attach  and  radiate  outward  toward  the  edges  of  the  body. 
Sections  showing  penes  in  various  stages  of  eversion  indicate  that  this  complex 
of  muscles  acts  as  protractor  for  the  penis.  The  crown  of  muscles  attached  to 
the  penis,  on  contracting,  draws  the  penis  outward  at  the  same  time  as  the  radiat- 
ing muscles  in  the  ectocytium  pull  the  lower  end  of  the  penis  tube  open  so  that 
the  proximal  half  can  be  everted  and  pushed  out  through  the  genital  pore  by 
the  forceful  contraction  of  the  circular  muscles  of  the  posterior  end  of  the  body. 

FIGURE  5.  Penis  and  seminal  vesicle  in  the  resting  state.  Abbreviations  used  are :  a. 
atrium;  cf,  circular  fibers;  cm,  circular  muscle  in  parenchyma;  cme,  circular  muscle  in  body 
wall;  ej,  epithelium  of  ejaculatory  duct;  esv,  epithelium  of  seminal  vesicle:  gs,  granular  secre- 
tion; If,  longitudinal  fibers;  1m,  longitudinal  muscle  in  parenchyma;  p,  penis;  pm,  protractor 
muscle;  p\v,  penis  wall;  rm,  retractor  muscle;  s,  sperm;  sed,  sperm  in  ejaculatory  duct;  sve, 
seminal  vesicle  entrance. 

FIGURES  6  and  7.     Stages  in  eversion  of  penis.     Abbreviations  as  in  Figure  5. 

FIGURE  8.  Completely  everted  penis  with  empty  seminal  vesicle.  Abbreviations  as  in 
Figure  5. 
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This  squeezing  action  would  also  collapse  the  seminal  vesicle  and  force  the  sperm 
out  of  the  body.  The  longitudinal  muscles  in  the  seminal  vesicle  wall  plus  the 
effect  of  relaxation  of  circular  and  contraction  of  longitudinal  muscles  in  the  pos- 
terior end  of  the  body  would  act  as  retractors.  The  sudden  narrowing  and  ex- 
tension of  the  posterior  end  of  the  body  during  spawning  corresponds  with  this 
sort  of  muscle  activity. 

EGGS  AND  YOUNG.  Egg  masses  measure  about  1  mm  in  diameter  and  each  con- 
tains from  7  to  40  eggs,  each  about  150  /A  in  diameter.  Each  egg  is  surrounded 
by  a  thin,  tough,  clear  layer  of  jelly  and  the  entire  mass  is  further  enclosed  in 
a  layer  of  sticky  jelly,  somewhat  irregular  on  the  outside  and  adhering  tightly  to 
the  substrate  though  there  is  no  formed  stalk  or  attachment  area.  In  the  labora- 
tory at  20°  C  development  to  hatching  requires  about  7  days.  Newly  hatched  ani- 
mals are  oval  in  shape  and  have  a  statocyst  and  an  outer  layer  of  ciliated  epithelium, 
but  the  parenchyma  is  not  yet  differentiated  clearly  into  ectocytium  and  endo- 
cytium  and  there  are  no  traces  of  reproductive  organs. 

Life  history 

A  population  of  N.  fit  sea  in  the  marsh  at  West  Dennis,  Massachusetts  was 
studied  extensively  because  the  area  was  easy  of  access  and,  being  intertidal, 
allowed  observations  of  the  exact  conditions  under  which  the  animals  were  living. 
Regular  monthly  collections  were  made  in  1965-1966  and  at  less  regular  intervals 
for  the  next  8  years.  Observations  of  the  life  cycles  of  other  populations,  par- 
ticularly the  collections  made  by  grab  sampler  in  Buzzards  Bay  correlate  with 
the  observations  made  at  Dennis  although  there  may  be  some  minor  variations  in 
the  time  of  events.  The  population  in  Buzzards  Bay  appears  to  be  in  all  respects 
like  that  in  the  Dennis  marsh. 

The  marsh  at  Dennis  is  built  up  on  a  sandy  base  between  rows  of  sand  dunes 
and  the  small  stream  which  drains  the  marsh  at  low  tide  is  completely  under 
water  at  high  tide.  There  is  no  fresh  water  runoff  except  immediately  after  a 
rain  and  the  water  in  the  stream  measures  at  other  times  about  35%o.  The  upper 
part  of  the  stream  is  formed  by  several  meandering  water  courses  and  these,  as 
well  as  the  greater  part  of  the  main  stream,  are  bordered  by  l'-2'  high  banks  held 
in  place  by  the  roots  of  Spartina  sp.  which  form  a  tangled  mass  collecting  debris 
and  fine  silt  in  the  water  along  the  edges.  The  bottom  of  the  stream  is  sand 
covered  by  a  layer  of  fine  brown  sediment.  Along  the  lower  part  of  the  stream 
it  is  wider  with  sloping  banks  that  are  uncovered  but  never  completely  dry  at 
low  tide.  There  is  often  a  brown  or  purplish  bacterial  scum  on  the  surface  and 
in  this  and  in  the  upper  2-3  cm  of  the  sand  bacteria,  algae  and  a  host  of  micro- 
scopic species  including  A/r.  fusea  are  found  in  abundance.  Similar  locations  in 
New  Jersey,  Martha's  Vineyard,  and  New  Hampshire  have  also  yielded  collec- 
tions of  this  species. 

In  winter  this  exposed  sandy  area  becomes  completely  barren  of  life.  Several 
feet  of  ice  may  form  on  the  vegetation  away  from  the  stream  but  my  experience 
was  that  the  stream  itself  remained  open  with  only  a  thin  film  of  ice  on  the  surface. 
And  in  among  the  roots  and  trash  in  the  water,  although  they  were  seldom  found 
there  in  the  summer,  Ar.  fusea  was  collected  from  December  to  April  and  early 
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FIGURE  9.  Annual  life  cycle  of  Neochildia  fiisca.  The  columns  from  left  to  right  repre- 
sent size  groups:  newly  hatched  —0.5  mm,  0.5-1.0  mm,  1.0-1.5  mm,  1.5-2.0  mm,  2.0-2.5  mm, 
2.5  and  above.  Asterisk  indicates  spawning. 

May.  By  the  middle  of  May,  when  the  summer  populations  were  beginning  to 
build  up  on  the  sand  flats,  N.  fnsco  moved  out  from  the  stream  and  was  to  be 
collected  in  the  sand.  And  in  the  middle  of  May  the  first  animals  were  collected 
which  laid  eggs  about  48  hours  after  being  brought  into  the  laboratory. 


46  LOUISE  BUSH 

Figure  9  summarizes  the  annual  cycle  of  the  population  at  Dennis.  Animals 
collected  in  pint  samples  of  the  top  2-3  cm  of  sand  were  measured  and  examined 
to  determine  their  reproductive  condition,  and  counted  as  belonging  to  the  size 
groups  in  the  graph.  The  population  during  the  winter  months,  November  to 
May,  is  made  up  of  two  groups:  one,  animals  which  go  into  the  winter  as  adults 
and  may  have  spawned  already  (the  presence  in  the  fall  of  sperm  in  the  seminal 
vesicles  and  of  young  eggs  suggests  this)  ;  two,  young  animals  which  have  hatched 
from  the  previous  summer's  spawning  and  are  not  yet  mature.  In  May  the  mem- 
bers of  the  mature  group  laid  eggs  in  the  laboratory  as  noted  and  in  the  field 
newly  hatched  young  began  to  appear  in  the  collections  in  early  June,  which  in- 
dicates that  these  older  overwintering  adults  spawn  at  about  the  time  when  they 
move  out  of  the  stream  and  up  into  the  sand  flat.  Shortly  after  this  they  evidently 
die  off  since  I  found  that  in  early  June  spawning  adults  were  very  few  in  number, 
only  a  few,  mostly  spent,  larger  individuals  being  present.  In  the  meantime  the 
younger  overwintering  animals  are  maturing,  so  that  by  July  and  August  they 
begin  to  spawn  and  many  reproducing  individuals  are  then  present  as  well  as 
newly  hatched  and  young  animals.  Spawning  continues  into  September,  but 
with  the  onset  of  lower  temperatures  and  shorter  days  further  growth  stops  and 
the  population,  now  made  up  of  mature  animals  from  the  first  spawning  in  May 
plus  some  from  later  spawnings  who  have  matured  and  the  young  of  all  ages, 
move  up  into  the  stream  to  spend  the  winter  in  the  del  iris  at  the  edge  of  the  pools 
there.  Thus  we  have  an  annual  life  cycle  with  some  animals  probably  spawning 
both  in  their  first  summer  and  then  again  the  next  spring  before  dying. 

Behavior 

Behavior  of  the  animals  when  kept  in  small  Syracuse  dishes  in  the  laboratory 
was  studied  for  up  to  two  months  after  hatching  as  well  as  in  individuals  brought 
into  the  laboratory  from  time  to  time.  Food  was  supplied  by  adding  organisms 
from  the  collections  in  the  field.  Although  activities  observed  in  this  way  are 
not  necessarily  the  same  as  they  would  have  been  in  the  field,  they  nevertheless 
indicate  some  things  of  interest. 

N.  juxca,  although  not  a  typically  elongate  interstitial  animal,  is  nevertheless 
able  to  move  through  the  substrate  without  difficulty  as  is  attested  by  the  fact 
that  they  come  up  to  the  surface  of  a  bucket  of  mud  or  a  dish  of  sand  brought  into 
the  laboratory  within  a  few  hours.  Their  thick  but  flexible  body  with  well  de- 
veloped body  wall  muscles  and  relatively  solid  parenchyma  makes  them  seem  much 
less  fragile  than  many  acoels.  They  move  rapidly  but  smoothly  and,  on  occasion 
as  in  feeding,  can  react  very  rapidly. 

Feeding  behavior  is  characteristic.  Often  in  sand  samples  allowed  to  sit  in 
the  laboratory  they  were  observed  with  the  posterior  end  down  between  the  sand 
grains  and  the  anterior  end  raised  slightly  above  the  surroundings  with  the  sides 
of  the  body  slightly  enrolled.  Such  a  position  makes  them  a  perfect  trap  for 
passing  animals.  In  a  culture  dish  with  less  sand  they  lie  quietly  on  the  bottom, 
but  in  either  case  when  potential  prey  appears  a  startling,  quick,  raising  and  then 
clamping  down  of  the  anterior  end  serves  to  pin  down  and  hold  the  victim  fast 
as  it  is  pushed  and  sucked  up  through  the  mouth.  Small  Crustacea,  mostly  cope- 
pods,  as  well  as  other  turbellaria,  nematodes  and  small  annelids  have  all  been 
found  in  the  endocytium  of  mature  animals.  Animals  up  to  about  1  mm  long 
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usually  contain  only  diatoms,  perhaps  because  of  size,  but  also  it  may  be  because 
of  inability  on  the  part  of  the  young-  animals  to  capture  active  prey. 

Cannibalism  may  occur  in  crowded  cultures  or  in  ones  without  sufficient  food, 
but  an  avoidance  reaction  on  the  part  of  the  animals  probably  prevents  this  under 
normal  conditions.  Whenever  one  N.  fit  sea  runs  head  on  into  another  N.  fit  sea 
there  is  an  immediate  and  sharp  withdrawal  followed  by  a  change  of  direction  and 
moving  away.  Sensory  structures  at  the  anterior  end  undoubtedly  are  effective 
here  although,  as  pointed  out  before,  a  distinct  frontal  organ  is  not  evident  in 
this  area.  This  reaction  has  obvious  advantages  in  preventing  cannibalism  and 
its  suppression  during  mating  is  striking. 

Besides  the  suppression  of  the  avoidance  reaction  the  characteristic  quick 
outward  thrust  of  the  posterior  end  also  marks  mating  behavior.  Two  animals 
will  be  seen  to  meet  and  instead  of  jerking  away  from  each  other,  to  spend  some 
time  moving  about  over  each  other  in  an  exploratory  fashion.  On  one  occasion 
I  was  able  to  observe  this  for  some  time  and  I  noted  that  finally  one  of  the  pair 
of  animals  turned  slightly  away  from  the  other,  shot  out  the  posterior  end  so  as 
to  touch  the  partner  quickly  and  lightly  and  then  moved  away.  The  two  animals 
were  immediately  fixed  and  sectioned  and  one  animal  of  the  pair  shows  in  the 
sections  both  penes  protruded  from  the  genital  pore  and  the  seminal  vesicles 
emptied  of  sperm.  Similar  reactions  were  also  observed  on  other  occasions.  This 
behavior  together  with  the  patches  of  sperm  on  or  in  the  epithelium  of  many  ani- 
mals, plus  the  fact  that  the  penis  is  a  thin  walled  soft-appearing  organ  leads  me 
to  the  conclusion  that  impregnation  is  by  means  of  a  deposition  of  sperm  on  the 
surface.  The  glandular  material  associated  with  the  penis  and  extruded  with 
the  sperm  may  well  have  an  enzyme  which  aids  the  sperm  in  penetrating  the 
epithelium. 

Egg  laying  was  not  observed  satisfactorily.  The  presence  of  light  appears 
to  inhibit  this  and  some  workers  have  found  that  a  sure  way  of  obtaining  eggs  is 
to  place  the  animals  for  several  hours  in  a  dark  place.  My  attempts  to  observe 
the  process  in  the  cultures  only  resulted  in  the  finding  that  the  egg  masses  were 
usually  deposited  very  early  in  the  morning.  Early  one  morning,  however,  when 
the  lights  were  turned  on  to  start  observations  I  observed  one  animal  to  be 
moving  around  and  around  in  a  tight  circle  in  one  spot  in  an  unusual  way.  This 
kept  up  for  about  10  minutes  and  when  the  animal  moved  away  it  left  behind  a 
small  egg  mass  on  that  spot.  The  position  of  the  mature  eggs  in  the  endocytium 
just  dorsal  to  the  mouth  make  it  seem  logical  that  they  would  exit  through  that 
orifice,  although  it  is  not  impossible  that  they  would  be  extruded  elsewhere.  The 
fact  that  eggs  are  sometimes  extruded  through  the  mouth  when  animals  contract 
on  being  fixed,  the  lack  of  any  signs  of  torn  epithelium  in  the  animal  observed 
above  and  the  behavior  of  that  animal  leads  me  to  expect  the  mouth  to  be  the 
point  of  exit. 
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the  Woods  Hole  Marine  Laboratory  and  by  Drew  University.  I  thank  particularly 
Dr.  Melbourne  R.  Carriker  and  the  staff  of  SEP  for  their  help.  I  am  also  grateful 
to  Dr.  Donald  P.  Costello  and  Dr.  Catherine  Henley  for  their  encouragement  and 
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SUMMARY 

1.  Ncochildia  new  genus  is  established  on   the  basis  of  the  presence   of  two 
separate  and  complete  copulatory  apparatuses,  each  with  an  eversible  penis  which 
has  a  crown  of  muscle  fibers  attached  about  half  way  along  it.     The  type  species, 
Neochildia  fusca,  although  it  has  been  used  in  a  number  of  studies  at  the  Marine 
Biological  Laboratory  and  has  previously  been  identified  as  Childia  grocnlandica, 
cannot  be  included  in  the  genus  Childia  which  is  characterized  by  two  copulatory 
organs  but  which  is  without  any  signs  of  eversible  penes  and  has  instead  a  bundle 
of  cuticular  stylets. 

2.  The  anatomy  and  histology  of  N.  fusca  is  described  in  detail.     The  most 
conspicuous  field  characteristic  is  the  dark  brown  color  which  is  unusual  among 
acoels,  and,  indeed,  among  smaller  Turbellaria  in  general. 

3.  The  habitat  of  the  new  species  is  sand  or  sandy  mud  along  marsh  streams 
or  in  the  bottom  of  associated  shallow  bays.     The  known  distribution  is  from  New 
Jersey  to  Maine  along  the  East  Coast  of  the  U.  S. 

4.  The  life  history  involves  the  following  annual   cycle :  an  overwintering  of 
mature  or  nearly  mature  animals  subtidally  or  in  the  deeper  waters  of  the  marsh 
streams,  an  early  spawning  in   May  or  June  followed  by  a  die-off  of  the  over- 
wintering animals,  the  maturing  and  spawning  of  the  next  generation  from  July  to 
September  and  the  overwintering  of  animals  derived   apparently   from   both   the 
summer  generations. 

5.  The  food  of  young  animals  consists  almost  entirely  of  diatoms,   but   after 
the  first  few  weeks  they  become  highly  carnivorous  and  are  found  to  contain  mostly 
copepods  and  other  Crustacea  as  well  as  worms  and  other  Turbellaria. 

6.  Mating  behavior  is  described  and  the  conclusion  is  reached  that  sperm  are 
deposited  as  a  packet  on  the  surface  of  the  partner,  not  hypodermically  injected. 
The  very  short  contact  between  animals,   the   soft  nature  of  the  penes  and   the 
presence  of  masses  of  sperm  entering  through  the  epidermis  in  sections  support 
this   conclusion.      Some   evidence   is   presented    that    suggests   that    eggs   are    laid 
through  the  mouth. 
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ON  THE  DEVELOPMENT  OF  THE  SEA-STAR, 
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There  have  been  several  reports  on  the  development  of  sea-stars  belonging  to 
the  genus  Astropecten.  Newth  (1925)  reported  on  the  early  development  in 
Astropcctcn  irregularis,  and  Horstadius  (1939)  gave  a  detailed  description  of  the 
entire  process  of  development  in  Astropcctcn  ara/nciacus.  Further,  Mortensen 
(1921,  1937)  outlined  the  form  of  bipinnariae  of  Astropecten  scoparius,  Astro- 
pecten polyacantJiits  and  Astropcctcn  I'ditaris.  It  has  been  known  that  all  of  these 
sea-stars  form  typical  bipinnariae.  The  majority  of  the  species  of  Astropecten 
undergoes  metamorphosis  without  passing  through  the  brachiolaria  stage. 

The  present  study  was  initiated  to  investigate  the  development  of  Astropecten 
latespinosns,  which  is  one  of  the  most  common  sea-stars  in  Japan.  It  becomes 
evident  in  the  present  study  that  the  development  of  this  species  is  somewhat 
different  from  that  of  the  other  species  of  Astropcctcn.  in  having  a  larva  of  barrel 
form  and  in  undergoing  metamorphosis  very  early. 

In  the  present  paper,  the  entire  process  of  development  in  Astropecten  latespino- 
sns is  described,  especially  the  external  morphology  and  the  skeletal  system.  De- 
velopmental processes  in  the  internal  structure  will  be  reported  later. 

MATERIALS  AND  METHODS 

Adults  of  the  sea-star,  Astropcctcn  latespinosns  Meissner  were  collected  on 
the  coast  of  Toyama  Bay,  Sea  of  Japan,  during  the  presumed  breeding  season, 
from  the  end  of  June  through  July  in  1972  and  1973. 

By  treatment  with  1-methyladenine  of  the  ovaries  which  were  removed  from 
the  females  according  to  Kanatani  (1969),  fertilizable  ova  were  obtained.  Dilute 
sperm  suspension  was  prepared  from  small  pieces  of  mature  testes  and  added 
to  the  petri-dish  containing  the  ova.  Embryos  and  juveniles  were  reared  in  glass 
vats  at  laboratory  temperature  of  25  ±  2°  C. 

Observations  were  made  with  a  dissecting  microscope.  Measurement  of  liv- 
ing embryos  was  performed  with  an  ocular  micrometer.  Specimens  were  fixed 
at  appropriate  intervals  with  Benin's  solution  or  10%  formalin  in  sea  water  for 
later  detailed  observations  of  sectioned  material.  For  microscopic  examination 
of  the  skeletal  system  larvae  were  fixed  in  70%  alcohol,  then  macerated  in  a  10% 
aqueous  solution  of  potassium  hydroxide. 

OBSERVATIONS 

The  mature  ova  are  spherical,  semitranslucent.  brownish  cream  in  color,  and 
are  enclosed  in  a  jelly  layer  about  10  p.  thick.  They  measure  from  250  /*  to  400  p. 
in  diameter  with  a  mean  of  about  300  p..  They  are  heavier  than  sea  water. 
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FIGURE  1. 
FIGURE  2. 
FIGURE  3. 
FIGURE  4. 
FIGURE  5. 
FIGURE  6. 

100  M. 

FIGURE  7. 
6 ;  scale  =  100 

FIGURE  8. 

FIGURE  9. 


Fertilized  egg  with  elevated  fertilization  membrane ;  scale  —  100  n. 
Two-cell  stage;  scale  =  100  /j.. 
Eight-cell  stage;  scale  =  100  M- 
Thirty  two-cell  stage ;  scale  =  100  p. 
Early  coeloblastula  ;  scale  =  100  p. 
Beginning  of  wrinkled  blastula  stage.       Arrow  points  egression  tract;   scale  = 

Wrinkled  blastula  witli  conspicuous  egression  tracts,  2  hours  later  than  Figure 

Later  wrinkled  blastula  stage;  scale  =  100  /j.. 

Blastula  just  after  resuming  smooth  surface;  scale  =  100  /u. 


About  two  or  three  minutes  after  insemination,  the  fertilization  membrane 
began  to  elevate,  and  60  minutes  thereafter  the  process  was  completed,  with  a 
perivitelline  space  50  /x  height  (Fig.  1).  The  cleavage  is  of  holoblastic,  radial 
type.  Seventy  minutes  after  insemination,  the  first  cleavage  occurred  through  the 
animal-vegetal  axis  (Fig.  2).  The  embryos  were  in  the  8-cell  stage  120  minutes 
after  insemination  (Fig.  3),  and  in  the  32-cell  stage  150  minutes  after  insemina- 
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tion  (Fig.  4).  They  developed  into  early  coeloblastulae  3.5  hours  after  insemi- 
nation (Fig.  5).  Four  hours  after  insemination,  streaks  (egression  tracts)  ap- 
peared on  the  surface  of  the  blastula  and  then  the  embryos  were  entering  the 
wrinkled  blastula  stage  (Fig.  6).  The  egression  tracts  gradually  increased  in 
number  and  size,  and  embryos  reached  the  most  wrinkled  stage  2  hours  after  the 
beginning  of  wrinkling  (or  6  hours  after  insemination;  see  Fig.  7).  Duration 
and  magnitude  of  wrinkling,  however,  seemed  to  be  somewhat  different  among 
individuals.  Then,  the  egression  tracts  began  to  decrease  in  number  and  com- 
plexity (Fig.  8).  Seven  and  one  half  hours  after  insemination,  the  surface  of 
the  blastulae  resumed  smoothness  (Fig.  9).  Eight  hours  after  insemination  gas- 
trulation  took  place  at  the  vegetal  pole  (Fig.  10).  As  far  as  can  be  ascertained 
from  the  present  observations,  the  imagination  for  gastrulation  apparently  had 
no  connection  with  egression  tracts  for  wrinkling.  Nine  hours  after  insemination, 
early  gastrulae  began  to  rotate  within  the  fertilization  membrane. 

One  hour  thereafter  (10  hours  after  insemination)  they  hatched  as  free-swim- 
ming larvae.  Two  or  three  hours  after  hatching  (12-13  hours  after  insemination), 
the  blind  end  of  the  archenteron  expanded,  and  then  mesenchymal  cells  were  set 
free  into  the  blastocoel  (Fig.  11).  Ten  hours  after  hatching  (20  hours  after  in- 
semination), a  pair  of  the  rudimental  coelomic  pouches  was  recognized  at  both 
sides  of  the  tip  of  the  archenteron.  The  gastrulae  gradually  elongated  along  the 
archenteric  axis,  and  by  20  hours  after  insemination  they  had  reached  a  length  of 
600  //,  (Fig.  12).  A  few  hours  later,  the  archenteron  seemed  to  be  differentiated 
into  stomach  and  intestine  (Fig.  13).  However,  the  details  of  the  internal  organo- 
genesis  could  not  be  observed  from  outside  due  to  the  opacity  of  the  larvae. 

Thirty  hours  after  insemination,  the  larvae  showed  a  barrel  form  as  shown  in 
Figure  14.  The  length  and  the  width  of  larvae  at  this  stage  were  700  ^  and 
350  (ji,  respectively,  and  the  coelomic  pouches  were  separated  from  the  archenteron. 
The  posterior  wall  of  the  larva  was  thicker  than  the  anterior  wall.  Then  the 
posterior  end  began  to  become  rounded.  Forty-five  hours  after  insemination,  5 
lobes  of  the  hydrocoel  became  evident  (Fig.  15).  The  posterior  part  of  a  larva 
corresponds  to  the  future  body  of  the  sea-star  after  metamorphosis,  and  might  be 
called  a  larval  disk.  On  the  other  hand  the  anterior  part,  which  will  be  reduced 
in  size  during  metamorphosis,  corresponds  to  the  stalk  of  the  brachiolaria  larva. 
Two  or  three  hours  thereafter  (47-48  hours  after  insemination),  the  distinction 
of  these  parts  became  more  evident  (Fig.  16).  At  that  time  both  coelomic  pouches 
extended  so  as  to  contact  with  each  other  by  their  anterior  ends.  Fifty  hours 
after  insemination,  the  skeletal  plates  began  to  be  formed  as  spicules  on  the  future 
aboral  side  of  the  larval  disk  (Fig.  28a).  These  spicules  correspond  to  1  madre- 
poric  and  5  terminal  plates  (Fig.  28b).  Fifty-five  hours  after  insemination,  10 
processes  arose  on  the  peripheral  part  of  the  larval  disk  (Fig.  17).  The  hydrocoel 
was  recognized  in  the  future  oral  side  of  the  larval  disk  (Fig.  18).  At  the  op- 
posite side  of  the  larval  disk,  a  central  plate  appeared  as  a  spicule  (Figs.  19  and 
20).  There  were  several  spines  on  the  terminal  plate.  A  little  while  after,  5  pairs 
of  rudimental  oral  plates  appeared  on  the  future  oral  side  of  the  larval  disk  (Fig. 
21).  About  70  hours  after  insemination,  the  larvae  moved  slowly  while  the  top 
of  their  future  aboral  side  was  in  contact  with  the  surface  of  the  substratum  (Fig. 
22).  On  the  fourth  day  of  development  (about  75  hours  after  insemination), 
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FIGURE  10.     Early  gustrulu,  just  after  beginning  of  invagination ;  scale  =  100  /*. 

FIGURE  11.  Gastrula  little  later  than  that  shown  in  Figure  10.  Note  expanded  top  of 
archenteron  and  liberation  of  mesenchymal  cells  (arrows)  ;  scale  =  100  /j.. 

FIGURE  12.  Gastrula,  20  hours  after  insemination.  Arrows  show  rudiments  of  coelomic 
pouch  ;  scale  —  100  /*. 

FIGURE  13.  Gastrula;  S  hours  later  than  that  shown  in  Figure  12.  Each  coelomic  pouch 
(arrows)  elongates  near  the  posterior  end  of  larva;  scale  =  100  /JL. 

FIGURE  14.  Larva  in  a  barrel  form,  lateral  view.  Each  coelomic  pouch  is  separated  from 
the  archenteron  ;  scale  =  100  /j.. 

FIGURE  15.  Metamorphosing  larva,  45  hours  after  insemination.  Note  constriction  (ar- 
row) between  disk  and  stalk;  scale  =  100  /u. 

FIGURE  16.  Two  larvae  showing  opposite  side  to  each  other,  one  (upper)  shows  future 
aboral  side  and  the  other  future  oral  side;  2  or  3  hours  later  than  that  shown  in  Figure  15, 
scale  -  200  n. 
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larvae  attached  to  the  substratum  \vith  the  anterior  portions  of  their  stalks 
(Fig.  23). 

Metamorphosis  proceeded  rapidly  after  attachment.  The  stalk  began  to  de- 
generate (Fig.  24).  The  rudiments  of  two  pairs  of  tube-feet  and  of  a  single 
terminal  tentacle  appeared  on  each  lobe  of  the  hydrocoel.  At  the  same  time,  the 
formation  of  the  skeletal  system  progressed  further.  Several  spicules  which  cor- 
respond to  the  radial  and  interradial  plates  appeared  around  the  central  plate  on 
the  future  aboral  side  (Figs.  30a  and  30b).  On  the  reverse  side  of  the  disk,  the 
rudimental  ambulacral  plates  appeared  (Figs.  31a  and  31b).  The  juvenile  shown 
in  Figure  25  was  photographed  20  hours  after  attachment  (or  about  95  hours 
after  insemination).  The  reduced  stalk  still  remained  in  this  stage.  About  5  days 
after  insemination  the  stalk  was  completely  absorbed,  and  the  opening  of  the 
mouth  was  recognized  at  the  center  of  the  oral  side.  Juveniles  immediately  after 
metamorphosis  were  white  in  color  and  500  p  in  diameter  (Fig.  26).  They  had 
2  long  spines,  each  10  /x  in  length,  at  the  top  of  each  of  5  arms.  The  skeletal 
system  in  this  stage  is  shown  in  Figures  32a,  32b  and  32c.  Later  an  eye-spot 
appeared  on  the  basal  portion  of  each  terminal  tentacle  (Fig.  33).  At  this  stage, 
the  tube-feet  were  functional  having  suckers  at  their  tips,  enabling  juveniles  to 
move  about.  Twenty-five  days  after  insemination,  each  arm  was  distinguishable 
from  the  disk.  At  that  time,  a  central  plate  and  other  dorsal  plates  developed  as 
shown  in  Figure  27. 

Although  about  300  juveniles  were  alive  in  the  laboratory  for  about  40  days 
after  insemination,  they  did  not  show  further  differentiation  and  eventually  died. 
Artcmia-la.i;vae.  or  clam  meat  were  not  acceptable  as  food.  The  skeletal  system  of 
the  juvenile,  which  is  300  /j.  in  R  (the  distance  from  the  center  of  the  disk  to 
the  tip  of  the  arm)  and  200  /j,  in  r  (the  distance  from  the  center  of  the  disk  to 
the  middle  of  the  interradial  margin),  is  given  in  Figures  34a,  34b  and  34c.  As 
shown  in  the  figures,  each  arm  has  a  terminal  plate  with  about  10  spines.  Dorsal 
plates,  with  1  spine  at  the  center,  lie  compactly  on  the  aboral  side  of  the  disk.  A 
madreporic  plate  was  recognizable  on  one  interradius.  Five  pairs  of  oral  and 
ambulacral  plates  developed  on  the  oral  side. 

DISCUSSION 

In  the  present  study,  it  was  found  that  the  development  of  Astropcctcn  latespino- 
sus  is  quite  different  from  that  of  the  other  sea-stars,  in  the  following  three  points : 
(1)  there  is  a  peculiar  larval  form,  (2)  metamorphosis  takes  place  while  the 
larva  is  pelagic;  there  is  no  brachiolaria  stage;  (3)  the  larval  life  is  very  short. 

There  has  been  no  previous  report  of  the  swimming  larvae  of  asteroids  having 
the  morphology  described  here.  They  are  barrel-shaped,  somewhat  resembling  the 
doliolaria  larva  but  lacking  in  definite  ciliary  bands.  Metamorphosis  is  initiated 
at  the  posterior  part  of  the  body  while  the  larva  is  pelagic ;  fixing  disk  and  brachi- 
olar  arms  are  not  formed,  although  these  are  usually  found  during  metamorphosis 
in  sea-stars.  The  larva  completes  metamorphosis  without  feeding,  as  reported 

FIGURE  17.     Larva,  55  hours  after  insemination;  scale  =  100  /j.. 

FIGURE  18.  Larval  disk  showing  future  oral  side.  Same  stage  as  shown  in  Figure  17. 
Arrows  point  primordial  lobes  of  hydrocoel ;  scale  =  50  ^. 
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FIGURE  19.  Opposite  side  (future  aboral  side)  of  the  same  larva  as  in  Figure  18,  showing 
rudimental  skeletal  plates.  Arrow  indicates  madreporic  plate;  scale  —  100  n. 

FIGURE  20.  Enlarged  picture  of  a  part  of  the  disk  shown  in  Figure  19,  showing  details 
of  terminal  plates  indicated  by  arrows  (phase  contrast  microscopy)  ;  scale  =  50  /*. 

FIGURE  21.  Skeletal  system  of  the  larva,  slightly  later  than  that  shown  in  Figure  19;  pre- 
pared by  the  treatment  of  KOH  solution.  Short  and  long  arrows  point  to  madreporic  plate  and 
oral  plate,  respectively;  scale  =  100  fj.. 

FIGURE  22.  Larva  just  before  attachment,  lateral  view.  Arrow  shows  the  anterior  coelom; 
scale  -  100  /t. 

FIGURE  23.     Four  day-old  larva,  just  after  attachment  to  the  substratum;  scale  =  100  fj.. 

FIGURE  24.  Attached  larva,  future  oral  side,  pictured  through  the  glass  bottom.  Arrow 
points  degenerating  stalk;  scale  =  100  /JL. 
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for  some  species  such  as  Crossastcr  papposiis,  Leptasterias  ochotensis  similispinis 
or  Ceratonardoa  scuiiregularis  (Gemmill,  1920;  Kubo,  1951;  Hayashi  and  Ko- 
matsu,  1971). 

Development  of  the  sea-stars  has  been  generally  divided  into  two  types,  the 
indirect  and  the  direct,  mainly  based  on  what  type  of  larva  appears.  In  indirect 
development,  the  embryo  develops  into  a  brachiolaria  after  passing  through  the 
bipinnaria  stage ;  it  attaches  to  the  substratum  by  fixing  disk  or  brachiolar  arms 
before  the  completion  of  metamorphosis.  This  type  of  development  has  been  re- 
ported in  Asterias  rubcns,  Porania  puh'illus,  Asterias  annirensis  and  Acanthaster 
planci  (Gemmill,  1914,  1915;  Dan,  1957;  Yamaguchi,  1971).  The  second  type, 
direct  development,  passes  through  only  the  brachiolaria  stage ;  a  bipinnaria  stage 
is  entirely  lacking.  Aster'ma  gibbosa,  Hcnricia  sangumolenta,  Solaster  cndeca, 
Echinastcr  echtnophorus  are  among  those  having  direct  development  (MacBride, 
1896;  Masterman,  1902;  Gemmill,  1912;  Atwood,  1973).  It  may  be  an  object 
of  argument  to  classify  the  type  of  development  of  the  present  species,  because 
it  does  not  form  either  typical  bipinnaria  or  brachiolaria.  The  distinction,  how- 
ever, between  those  two  types  has  not  given  very  clearly.  An  attempt  has  been 
made  by  some  workers  to  give  a  precise  definition  for  two  types  of  development. 
Hyman  (1955)  described  the  direct  type  as  a  kind  of  development  lacking  in 
free  larvae.  However,  one  may  regard  the  swimming  brachiolariae  found  in 
Crossaster  papposus  or  Certonardoa  semiregularis  as  free  larvae  in  spite  of  the 
fact  that  they  undergo  direct  development.  It  was  proposed  by  Chia  (1968)  that 
development  with  a  larva  having  a  functional  larval  gut  should  be  called  the  in- 
direct type  and  those  without  a  functional  gut  the  direct  type.  This  distinction 
may  be  useful  in  dividing  all  asteroid  larvae  into  two  types.  The  development  of 
Astropecten  latcspinosus,  therefore,  is  of  the  direct  type  according  to  Chia's  clas- 
sification. 

It  appears  that  there  is  an  intimate  relationship  between  the  size  of  the  egg 
and  the  type  of  development.  Eggs  having  direct  development  are  generally  larger 
than  those  with  indirect  development.  The  largest  egg  having  indirect  develop- 
ment, is  that  of  Astropecten  scoparius  which  is  230  /*  in  diameter  (Komatsu,  1973). 
On  the  other  hand,  eggs  characterized  by  direct  development  are  more  than  twice 
the  size  of  those  with  indirect  development  (see  Hayashi.  1972)  ;  the  smallest 
so  far  reported  is  about  500  ^  in  Aster'ma  gibbosa  (MacBride,  1896).  The  ma- 
jority of  the  sea-stars  undergoing  direct  development  take  more  than  30  days  to 
complete  metamorphosis  after  fertilization,  except  Echinastcr  cchinophoriis  (At- 
wood, 1973)  which  takes  about  14  days  to  complete  metamorphosis.  The  egg  of 
the  present  species  is  about  300  //.  in  diameter,  and  is  thus  being  very  small  among 
eggs  with  direct  development.  The  present  species  completes  metamorphosis  within 

FIGURE  25.  More  advanced  stage  than  that  shown  in  Figure  24,  future  oral  side.  Note 
the  bulges  for  2  pairs  of  tube-feet  and  ten  long  spines  on  the  terminal  plates.  Arrow  shows 
reduced  stalk ;  scale  =  100  /*. 

FIGURE  26.  Juvenile  immediately  after  the  completion  of  metamorphosis,  oral  view ;  scale 
=  100  n. 

FIGURE  27.  Aboral  skeletal  plates  of  a  juvenile,  25  days  after  insemination.  Note  large 
central  plate  in  the  center  and  radial  and  interradial  plates  around  it.  Upper  left  (arrow) 
shows  madreporic  plate.  Prepared  by  the  treatment  of  KOH  solution;  scale  =  50  /*. 
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FIGURE  28a.  Free-swimming  larva,  50  hours  after  insemination,  showing  future  aboral 
side  of  disk;  d,  disk;  s,  stalk;  scale  =  100  M- 

FIGURE  28b.  Primordia  of  the  skeletal  plate,  same  stage  as  shown  in  Figure  28a;  m, 
madreporic  plate ;  t,  terminal  plate. 

FIGURE  29.  Opposite  side  ("future  oral  side)  of  that  shown  in  Figure  28a;  d,  disk;  s, 
stalk;  scale  =  100  /j.. 

FIGURE  30a.  Skeletal  system  of  attached  larva,  future  aboral  side:  c,  central  plate;  m, 
madreporic  plate;  s,  stalk;  scale  —  100  /u. 

FIGURE  30b.  Detailed  sketch  of  plates,  same  specimen  as  shown  in  Figure  30a  ;  c,  central 
plate;  m,  madreporic  plate;  scale  =  25  p.. 

FIGURE  31a.     Skeletal   system,   opposite  side  of  that   shown   in   Figure   30a ;    s,   stalk;    scale 

=   100    fl. 

FIGURE  31b.  Detailed  sketch  of  oral  and  ambulacra!  plates,  same  specimen  as  shown  in 
Figure  3 la.  Numbers  (1,  2,  3  and  4)  correspond  to  the  numbers  (1,  2,  3  and  4)  of  Figure 
31a;  a,  ambulacral  plate;  o,  oral  plate;  scale  =  25  /j.. 
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FIGURE  32a.  Aboral  skeletal  system  of  the  juvenile,  same  stage  as  shown  in  Figure  26; 
m,  madreporic  plate;  c,  central  plate;  scale  =  100  /*. 

FIGURE  32b.  Detailed  sketch  of  plates,  same  specimen  as  shown  in  Figure  32a ;  c,  central 
plate  ;  m,  madreporic  plate  ;  t,  terminal  plate ;  scale  =  75  it. 

FIGURE  32c.  Detailed  sketch  of  plates  on  oral  side,  same  specimen  as  shown  in  Figure 
32b ;  o,  oral  plate ;  t,  terminal  plate ;  scale  =  50  /x. 

FIGURE  33.  Oral  side  of  the  juvenile,  little  later  than  that  shown  in  Figure  26;  e,  eye- 
spot  ;  tf,  tube-foot ;  tt,  terminal  tentacle ;  scale  —  50  p. 

FIGURE  34a.  Aboral  skeletal  system  of  40  day-old  juvenile;  m.  madreporic  plate;  t,  ter- 
minal plate  ;  scale  =  100  it. 

FIGURE  34b.  Detailed  sketch  of  plates,  same  specimen  as  shown  in  Figure  34a;  c,  central 
plate ;  m,  madreporic  plate ;  t,  terminal  plate ;  scale  —  75  p. 

FIGURE  34c.  Detailed  sketch  of  plates,  oral  side  of  the  same  specimen  as  shown  in  Figure 
34;  a,  ambulacral  plate;  t,  terminal  plate;  scale  =  75  /ct. 
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7  days  after  insemination  and  this  speedy  development  may  be  related  to  the  small 
size  of  the  egg. 

It  was  reported  for  all  species  of  the  genus  Astropecten  thus  so  far  studied 
that  metamorphosis  takes  place  while  larvae  are  pelagic  as  typical  bipinnaria  (Mor- 
tensen,  1921,  1937;  Horstadius,  1939).  As  noted  above,  Astropecten  latespinosus 
also  undergoes  metamorphosis  while  the  larvae  are  pelagic,  although  it  does  not 
form  bipinnaria,  but  rather  a  barrel-shaped  larva.  The  present  species  thus  may 
show  a  much  abbreviated  process  of  development  in  comparison  with  the  other 
species  of  Astropecten ;  presumably  this  is  clue  to  the  lecithotrophic  nature  of 
the 
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SUMMARY 

1.  The  entire  process  of  development  in  the  sea-star,  Astropecten  latespinosus, 
is  reported,  especially  with  regard  here  to  the  external  morphology  and  the  skeletal 
system. 

2.  The  eggs  are  medium-sized,  about  300  p.  in  diameter.     They  develop  into 
free-swimming   larvae    through    a    wrinkled    blastula    stage    by    holoblastic,    radial 
cleavage. 

3.  The   free-swimming   larva    has   a   peculiar    barrel    shape,    being    neither    bi- 
pinnaria nor  brachiolaria.     Such  a  larva  has  not  previously  been  reported. 

4.  Metamorphosis  takes  place  while  the  larva  is  pelagic,  and  there  is  no  feed- 
ing at  this  stage.     Five  days  after  insemination,  metamorphosis  is  completed  and 
the  resulting  juveniles  bear  2  pairs  of  tube-feet  and  a  terminal  tentacle  in  each  arm. 

5.  The  present  observations  are  compared  with  those  studied  by  other  workers, 
and  are  discussed,  with  special  reference  to  the  type  of  development  of  sea-stars. 
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A  RADIOACTIVE  TRACER  STUDY  OF  FOOD  UPTAKE  BY 
PINNOTHERES  MACULATUS  IX  MOLLUSCAN  HOSTS 

W.  L.  KRUCZYNSKI 

Saline  Marsh  Eeolot/y  Project,  Florida  A  &  M  University,  Tallahassee,  Florida  32307 

The  Pinnotheridae,  pea  crabs,  is  a  group  of  decapod  crustaceans  adapted  for 
living  with  other  marine  animals.  Pearce  (1962)  discussed  adaptations  of  these 
crabs  for  symbiotic  existence,  and  Gotto  (1969)  listed  bivalves,  gastropods,  sea 
slugs,  chitons,  polychaetes,  echinoderms,  burrowing  crustaceans  and  sea  squirts 
as  known  hosts. 

Associations  of  most  pinnotherids  with  their  hosts  have  not  been  defined. 
Many  have  long  been  recognized  as  commensals,  and  some  have  been  labeled 
parasitic  (Cheng,  1967;  Gotto,  1969).  Pinnotheres  ostrcinn  (Say),  for  example, 
is  known  to  cause  gill  and  palp  damage  to  Crassostrea  virginica  (Gmelin)  and 
reduce  growth  and  reproduction  of  the  oyster  (Overcash,  1946;  Sandoz  and 
Hopkins,  1947;  Flower  and  McDermott,  1952;  Haven,  1958;  Christensen  and 
McDermott.  1958).  McDermott  (1962)  found  that  both  P.  ostrcitm  and  Pinno- 
theres macnlatits  Say  caused  similar  damage  in  Myti/us  ednlis  Linne.  Fabia 
sitbqnadrata  Dana  was  observed  to  damage  gills  and  cause  cyst-like  anomalies  in 
mantle  tissues  of  Hlodiolus  niodiohts  Linne  (Pearce,  1966a)  and  Pinnotheres  sp. 
damaged  gill,  mantle  and  gonad  of  Meretri.v  easta  (Chemnitz)  (Silas  and  Ala- 
garswami,  1967 ). 

The  mode  of  feeding  of  some  pinnotherids  has  been  investigated.  Pearce 
(1966b)  noticed  that  Pinni.va  jahra  (Dana)  caused  damage  to  its  host  clam. 
Tresus  capa.v  (Gould),  and  found  that  the  crab  ingested  food  which  would  other- 
wise be  available  to  the  clam.  Stealing  of  food  which  a  host  has  concentrated 
into  food  strings  has  also  been  reported  for  Pinnotheres  pisit/n  (  Pennant )  (Coupin. 
1894;  Orton,  1921),  Pinnotheres  eoneharin/i  ( MacGinitie  and  MacGinitie,  1968) 
and  P.  ostreitiu  (Stauber,  1945).  Campbell  (1969)  found  plant  pigments  in  the 
gut  of  P.  pisitin  which  indicated  ingestion  of  algae.  Orton  (1921)  and  Gotto 
(1969)  suggested  that  some  crabs  may  also  filter  food  from  water  currents  created 
by  hosts.  All  of  these  studies  are  descriptive  and  no  experimental  quantification 
of  crab-host  associations  are  known  except  that  adult  female  P.  macnlatits  stunted 
growth  of  bay  scallops,  Argopecten  irradians  concentricus  (Say),  grown  in  cages 
(  Kruczynski,  1972). 

Radioisotope  techniques  arc  common  tools  to  studv  physiological  processes, 
but  few  studies  are  known  employing  these  methods  to  quantify  trophic  relation- 
ships in  natural  ecosystems.  Poole  (1974)  discussed  some  methods  of  measuring 
ingestion  using  radioactive  tracers  and  reviewed  research  which  quantified  com- 
ponents of  some  terrestrial  and  stream  ecosystems  by  these  methods.  Smith, 
Muscatine  and  Lewis  (1969)  reviewed  quantification  of  carbohydrate  movement 
using  14C  from  autotrophs  to  heterotrophs  in  parasitic  and  mutualistic  symbiosis. 
Pardy  and  Muscatine  (1973)  used  labeled  green  algae  to  quantify  uptake  of 
symbionts  by  II\dra  riridis. 
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Phytoplankton  labeled  with  raclioisotopes  has  been  used  to  measure  water 
filtering  rates  of  some  ascidians  and  lamellibranchs  (Jorgensen  and  Goldberg, 
1953;  Chipman  and  Hopkins.  1954;  Rice  and  Smith.  1958).  This  present  study 
reports  use  of  phytoplankton  labeled  with  14C  to  quantify  in  situ  the  association 
of  adult  female  P.  inacnlatiis  with  its  common  hosts,  the  bay  scallop,  A.  irradians, 
calico  scallop.  Aryoficcten  ;/ibbns  (Linne),  and  blue  mussel,  M.  cdnlis.  under 
laboratory  conditions. 

MATERIALS  AND   METHODS 

Collection  and  maintenance  oj  o 


Feeding  experiments  with  bay  and  calico  scallops  were  conducted  in  Xorth 
Carolina.  Bay  scallops  were  collected  from  Bogue  Sound  and  calico  scallops 
from  off  Cape  Lookout.  North  Carolina.  Scallops  were  cleaned  of  encrusting 
organisms  and  kept  at  room  temperature  (20-25°  C)  in  large  plastic  trays  con- 
taining aerated  seawater.  Feeding  experiments  with  blue  mussels  were  performed 
at  the  Marine  Biological  Laboratory,  \Yoods  Hole,  Massachusetts.  Mussels  were 
collected  from  pier  pilings  of  the  Woods  Hole  Oceanographic  Institution  and  kept 
in  running  seawater  at  room  temperature  (20-22°  C). 

Preliminary  observations  insured  that  selected  diatoms  were  filtered  and  in- 
gested by  mollusc  hosts.  Xitzchia  closteriitni  was  used  in  experiments  to  follow 
uptake  of  phytoplankton  into  scallops,  crabs  in  scallops  and  crabs  in  finger  bowls 
containing  phytoplankton.  Thalassiosira  pseudonana  was  used  in  experiments 
with  mussels.  Cultures  were  grown  at  room  temperature  in  half-strength  Guil- 
lard's  medium  (Guillard  and  Ryther,  1962)  prepared  with  30/£r>  seawater.  Radio- 
active carbon  was  added  as  XaH14CO:^  before  inoculation  of  new  medium  with 
stock  culture,  and  cultures  grew  at  least  7  days  before  used  in  an  experiment. 
Assay  revealed  that  much  of  the  tag  was  found  in  the  diatoms,  although  some  was 
left  in  solution. 

Assav  of  radioactivity 

Radioactivity  in  scallop  experiments  was  determined  with  a  Dynacon  (Xuclear 
Chicago.  Model  6010).  This  instrument  has  been  used  in  studying  carbon  fixa- 
tion by  aquatic  plants  (Dillon,  1971)  and  is  sensitive  to  low  amounts  of  fi  radia- 
tion. It  has  a  counting  efficiency  of  nearly  lOO1/^  but  only  a  few  samples  can  be 
run  per  day.  Radioactivity  of  COL»  in  dry,  combusted  samples  is  measured.  A 
Packard  Liquid  Scintillation  Spectrometer  was  used  in  mussel  experiments.  Sam- 
ples were  oxidized  in  a  Packard  Tri-Carb  Automatic  Sample  Oxidizer.  Resultant 
14COo  was  absorbed  in  scintillation  vials.  Quenching  characteristics  of  oxidized 
samples  are  nearly  constant  (  Faires  and  Parks,  1973)  and  no  quench  corrections 
were  made.  Counting  efficiency  of  this  system  was  nearly  80%. 

Bay  scallops 

Background  radioactivity  of  dried  tissues  of  bay  scallops  was  determined  by 
assaying  aliquots.  LTptake  of  14C  from  solution  was  measured  by  filling  two  bowls 
with  1  liter  of  seawater  and  1.6  //Ci  14C  (2.2  X  10°  cpm/^Ci).  A  bay  scallop  was 
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placed  in  each  bowl  for  24  hours  and  water  was  aerated  with  breakerstones.  On 
removal,  scallops  were  rinsed  with  filtered  water  and  dried  to  a  constant  weight 
at  80°  C.  Aliquots  of  scallop  tissues  were  assayed  and  total  radioactivity  estimated. 

Feeding  experiments  were  performed  with  six  noninfected  scallops.  A  control 
bowl  (no  scallop)  was  run  per  pair  of  experimental  bowls.  Bowls  were  filled 
with  1  liter  of  water  and  a  measured  amount  of  radioactive  culture  of  N.  closteriitiu. 
Cell  counts  were  made  to  assure  approximate  equality  and  bowls  were  covered 
with  a  glass  plate  and  aerated.  A  scallop  was  placed  in  each  experimental  bowl 
for  24  hours,  after  which  contents  of  control  and  experimental  bowls  were  cen- 
trifuged  in  a  continuous  plankton  centrifuge  and  filtered  with  a  Millipore  filter 
(HA  0.45  /x).  Participate  matter  from  the  control  bowl  was  used  as  an  estimate 
of  initial  phytoplankton  activity ;  that  from  experimental  bowls  represented  phyto- 
plankton  that  was  rejected  as  faeces,  pseudofaeces  and  unfiltered  phytoplankton.  No 
effort  was  made  to  separate  activity  in  the  three  categories  of  "rejected  materials." 

Experimental  scallops  wrere  then  placed  in  filtered  water  for  24  hours,  re- 
moved from  the  shells,  dried  and  weighed.  Contents  of  bowls  containing  scallops 
for  the  second  day  were  recovered  and  the  activity  added  to  the  rejected  material. 
Aliquots  of  scallops  and  whole  dried  filteres  were  assayed  and  total  counts  per 
minute  (cpm)  per  scallop  estimated. 

Twelve  additional  bay  scallops  were  infected  with  an  adult  female  crab  3  days 
prior  to  experiments.  I  amputated  the  chelae  from  one  crab  before  placing  it  in 
a  scallop.  Crabs  were  kept  isolated  in  finger  bowls  for  at  least  7  days  before  being 
placed  in  scallops. 

A  control  bowl  was  run  per  pair  of  scallops  tested  and  bowls  were  treated  as 
above.  After  the  second  day,  crabs  and  scallop  tissues  were  dried,  weighed  and 
assayed. 

Calico  scallops 

Two  calico  scallops,  each  containing  its  naturally  occurring  adult  female  crab, 
were  tested  as  above.  A  control  bowl  was  run  for  each. 

Blue  mussels 

Seven  mussels  were  selected  from  an  area  where  most  were  known  to  contain 
an  adult  female  crab.  They  were  placed  in  bowls  containing  a  known  concentra- 
tion and  activity  of  radioactive  T.  pseudonana  and  allowed  to  feed  for  24  hours. 
Mussels  were  then  placed  in  filtered  seawater  for  24  hours.  In  one  trial  the  chelae 
of  an  adult  female  crab  were  removed  and  it  was  placed  back  into  a  mussel  which 
was  relaxed  in  isosmotic  MgClo  and  kept  in  running  seawater  for  one  day  before 
testing.  One  control  mussel  and  crab  was  treated  in  the  same  manner  except  no 
radioactive  phytoplankton  was  added  to  the  dish. 

Pinnotheres  maculatus  in  finger  botvls 

Six  crabs  were  tested  to  determine  whether  crabs  can  ingest  phytoplankton 
which  has  not  been  concentrated  by  a  host.  Each  trial  included  two  experimental 
and  one  control  bowl.  The  same  amount  of  a  culture  of  tagged  specimens  of  N. 
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TABLE  I 

Uptake  of  radioactivity  by  adult  female  specimens  of  Pinnotheres  maculatus  and  molluscan 
hosts.  Mean  values  given,  standard  deviations  in  parentheses. 


Species 

n 

Initial  diatoms 
cells/ml  X  103 

Host 
cpm/mg 

Crab 
cpm/mg 

Per  cent  of  initial  radioactivity 

Recovered 

In  host 

In  crab 

Rejected 

.1  .  irradians 

No  crabs 

6 

210 

151(40) 

— 

81(24) 

23(14) 

— 

58(30) 

\\'ith  crab 

11 

240 

188(108) 

195(130) 

78(10) 

40(11) 

3(1) 

36(19) 

With  claw- 

less  crab 

1 

810 

87 

0 

97 

35 

0 

62 

.-1.  gibbus 

With  crab 

2 

1  50 

419(7) 

823  (58) 

85(11) 

40(11) 

7(2) 

38(3) 

M.  edulis 

No  crabs 

2 

330 

16(6) 

— 

95(30) 

24(5) 

— 

71(37) 

With  crab 

5 

340 

18(5) 

142(146) 

78(9) 

28(12) 

2(1) 

48(8) 

With  claw- 

less  crab 

1 

350 

15 

27 

75 

6 

2 

67 

Finger  bowl 

Clawed  crab 

5 

144 

— 

171(130) 

79(11) 

— 

21(8) 

58(10) 

Clawless 

crab 

1 

110 

— 

15 

86 

• 

3 

83 

clostcrinm  was  added  to  the  bowls  in  each  trial.  A  female  crab  was  placed  in 
each  of  the  experimental  bowls  which  were  shaded  with  paper  towels.  After  24 
hours,  crabs  were  rinsed  with  filtered  water,  blotted  dry,  and  contents  of  all  bowls 
filtered.  One  experimental  bowl  contained  a  crab  with  amputated  chelae. 

RESULTS 
Bay  scollops 

Background  activity  of  bay  scallops  was  0.20  cpm/mg  dry  weight.  Scallops 
kept  in  water  with  14C  in  solution  became  tagged  and  contained  an  estimated  3500 
cpm  (3  cpm/mg)  probably  because  of  physical  exchange  of  water,  incomplete 
washing  of  tissues,  or  both.  This  uptake  may  be  a  source  of  error  in  other  ex- 
periments, but  it  was  disregarded  as  a  major  factor  because  of  the  low  activity 
for  the  amount  of  14C  used. 

Since  the  amount  of  radioactivity  per  amount  of  phytoplankton  varied  be- 
tween trials  in  feeding  experiments,  comparison  of  actual  numbers  between  ex- 
periments are  less  valuable  than  comparing  percent  recovery  of  initial  tagged 
material. 

In  experiments  with  noninfected  bay  scallops,  recovery  of  radioactivity  varied 
from  42  to  100%  of  estimated  initial  activity  (Table  I).  Total  radioactivity  of 
noninfected  scallops  varied  from  9  to  41%  and  rejected  material,  that  is  faeces, 
pseudofaeces  and  uneaten  diatoms,  varied  from  19  to  88%  of  the  initial  tag.  There 
was  much  pseudofaeces  in  all  bowls  containing  scallops.  All  scallops  were  radio- 
active and  activity  varied  from  90  to  206  cpm/mg,  indicating  an  accumulation  of 
14C  under  these  conditions.  There  was  little  correlation  between  scallop  dry 
weight  and  per  cent  uptake  (r  =  0.45). 
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In  experiments  with  bay  scallops  infected  with  crabs,  recovery  of  initial  radio- 
activity varied  from  66  to  97%.  Scallops  and  crabs  rejected  12  to  72%  and  scal- 
lops contained  16  to  53 c/o  of  the  estimated  initial  tag.  Radioactivity  of  scallops 
varied  from  51  to  337  cpm/mg.  Crabs  contained  between  1  and  6%  of  the  initial 
tag  and  activity  varied  from  64  to  396  cpm/mg  (Table  I),  indicating  that  clawed 
crabs  accumulate  14C  under  these  conditions.  There  was  little  correlation  be- 
tween crab  dry  weight  and  percent  uptake  (r  —  0.39).  The  clawless  crab  con- 
tained no  radioactivity  above  background. 

Calico  scallops 

Calico  scallops  became  tagged  with  414  and  424  cpm/mg  dry  weight.  Crabs 
contained  6  and  9%  of  initial  tag  and  had  an  activity  of  782  and  864  cpm/mg. 

Blue  mussels 

Control  mussel  and  crab  contained  no  radioactivity  above  background.  Be- 
tween 65  and  118^  of  initial  radioactivity  was  recovered.  Mussels  contained  from 
6  to  44%  of  the  initial  radioactivity  on  diatoms  and  had  an  activity  of  between 
5  and  24  cpm/mg.  There  was  little  correlation  between  mussel  weight  and  per 
cent  uptake  (r  —  0.46).  Five  of  the  mussels  harbored  a  female  crab  and  crabs 
contained  24  to  355  cpm/mg.  The  clawless  crab  accumulated  27  cpm/mg.  The 
correlation  coefficient  of  crab  uptake  and  dry  weight  was  0.23. 

Pinnotheres  maculatus  in  finder  bowls 

Clawed  crabs  became  tagged  with  59  to  396  cpm/mg.  The  clawless  crab 
contained  15  cpm/mg  (Table  I).  Between  7  and  2<S(/r  of  initial  activity  added 
as  phytoplankton  was  found  in  clawed  crabs.  ( . iut  analysis  confirmed  that  crabs 
ingested  diatoms. 

DISCUSSION 

The  morphology  of  adult  female  specimens  of  /'.  maculatus  is  specialized  for 
existence  in  mollusc  hosts.  Males  are  specialized  for  swarming  and  are  capable 
of  living  outside  hosts.  Patton  (1967)  observed  that  commensal  crustaceans  found 
in  sheltered  situations  have  a  stout  form,  often  accompanied  by  increased  egg 
production,  and  a  soft  exoskeleton  which  could  be  selectively  favored  by  not  irritat- 
ing hosts  enough  to  seriously  disturb  food  intake.  I  have  placed  adult  female 
specimens  of  P.  maculatus  into  noninfected  bay  scallops  and  have  observed  that 
three  to  five  days  is  ample  time  for  hosts  to  adapt  to  the  presence  of  crabs  and 
resume  normal  filtration  rates  (Kruczynski,  1971  ). 

Pearce  (1962)  also  noted  considerable  differences  in  the  integument  of  pinno- 
therids  and  the  remainder  of  brachyurans.  Males  generally  have  a  hard  exo- 
skeleton and  their  importance  seems  restricted  to  copulation.  Patton  (1(")67) 
suggested  that  any  mechanism  which  would  result  in  noncommensal  males  would 
have  a  selective  advantage  because  in  some  cases  a  single  female  crab  can  seriously 
affect  a  host.  Thus,  males  were  not  used  in  my  study  because  their  effect  on 
nutrition  of  a  single  host  is  probably  small  since  they  move  from  host  to  host. 
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This  should  be  tested  in  future  experiments.  Adult  female  crabs,  however,  are 
virtually  trapped  in  the  mantle  cavity  of  molluscs  and  have  more  effect  on  a  single 
host.  Demonstrating  that  female  specimens  of  P.  niaciilatits  accumulate  riC  in 
scallops  and  mussels  feeding  on  labeled  diatoms  strengthens  the  argument  for  its 
being  the  causative  agent  of  observed  stunting  of  bay  scallops  under  natural  and 
experimental  conditions  (Kruczynski,  1972). 

Many  commensal  crabs  rely  on  hosts  to  concentrate  food  into  food  strings. 
My  results  indicate  that  P.  inacitlatits  can  also  ingest  N.  clostcrium  which  has 
settled  in  finger  bowls.  These  crabs  were  observed  to  actively  pick  at  the  bottom 
of  the  dishes  and  continuously  clean  themselves.  It  is  still  not  known  whether 
P.  niacnlafiis  has  any  ability  to  filter  their  own  food.  Adults  seem  unadapted 
morphologically  for  that  mode  of  feeding.  The  fact  that  clawless  crabs  in  scallop, 
mussel  and  dish  had  low  activities  supports  this. 

Bivalves  filter  large  volumes  of  water  in  feeding.  Chipman  and  Hopkins 
(1954)  followed  the  decrease  of  radioactive  N.  clostcrium  from  the  medium  to 
demonstrate  that  bay  scallops  (64  mm  shell  height)  filtered  about  15  liters  per 
hour.  They  found  no  apparent  difference  in  filtering  rate  in  suspensions  of  phyto- 
plankton  of  different  concentrations  and  they  did  not  measure  how  much  phyto- 
plankton  was  ingested.  Rice  and  Smith  (1958)  found  that  Mcrccnaria  mcrccnaria 
(Linne)  filtered  Ar.  clostcrium  in  concentrations  between  400  cells/ml  to  170  X 
103  cells/ml.  Clams  formed  large  amounts  of  pseudofaeces  in  high  concentrations 
of  algae.  Perhaps  the  large  percentage  of  tag  found  in  pseudofaeces  (rejected 
material)  in  my  experiments  is  the  result  of  using  high  cell  concentrations.  Fur- 
ther studies  might  be  more  useful  if  natural  concentrations  of  phytoplankton  were 
used.  It  is  probable  that  effects  of  removal  of  phytoplankton  by  crabs  from  hosts 
is  more  pronounced  under  conditions  of  natural  phytoplankton  concentrations. 

Experimental  P.  inaciilatus  accumulated  3%,  7%  and  2%  of  radioactivity  used 
in  bay  scallop,  calico  scallop  and  mussel  experiments  respectively,  but  it  is  still 
not  known  what  part  of  this  activity  came  from  ingestion  of  phytoplankton,  faeces, 
pseudofaeces,  molluscan  tissues,  or  from  the  water.  Many  workers  have  shown 
that  some  aquatic  organisms  take  up  more  radionuclides  from  water  than  from 
food  pathways  (Mauchline  and  Templeton,  1964;  Polikarpov,  1966).  This  error 
could  be  reduced  in  future  experiments  by  washing  phytoplankton  cells  before 
adding  them  to  experimental  dishes.  Washing  would  also  reduce  error  resulting 
from  continued  fixation  of  14C  by  diatoms  while  experiments  were  in  progress. 
I  think  that  direct  uptake  or  physical  sticking  of  phytoplankton  cells  to  experi- 
mental animals  were  not  important  sources  of  error  in  my  experiments  because  of 
the  low  correlations  between  dry  weights  and  percent  of  tag  recovered.  If  con- 
tamination was  a  major  factor,  there  would  be  a  direct  relationship  between  the 
amount  of  tissue  and  activity  of  experimental  animals  in  which  nearly  the  same 
amount  of  tag  was  used.  This  was  not  observed. 

Other  pinnotherids  should  be  examined  in  a  similar  way  to  determine  food 
uptake  in  hosts  so  that  associations  may  be  defined.  Tagged  hosts  might  be  used 
to  determine  ingestion  of  mucus  or  host  tissues. 

I  thank  Austin  B.  Williams,  U.  S.  National  Museum,  for  his  guidance,  "William 
J.  Woods,  University  of  North  Carolina  Institute  of  Marine  Sciences,  for  his 
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help  and  use  of  laboratory  space  and  equipment,  and  Frank  Loewus,  University 
of  Buffalo  and  the  Marine  Biological  Laboratory,  Woods  Hole,  Massachusetts, 
for  use  of  combustion  and  scintillation  equipment  obtained  with  NSF  Grant  GB 
37149X.  This  study  was  supported  by  a  Duke  University  Oceanographic  Trainee- 
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SUMMARY 

Adult,  female  specimens  of  Pinnotheres  uiacitlatns  accumulated  radioactivity 
when  in  bay  and  calico  scallops  fed  Nitzchia  elosteriitin  labeled  with  1!C  and  in 
blue  mussels  fed  labeled  Thalassiosira  pscudonana.  Crabs  accumulated  radio- 
activity when  kept  in  fingerbowls  with  labeled  N.  clostcriinu. 
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BEHAVIORAL  ASPECTS  OF  RIGHTING  IN  TWO  ASTEROIDS 
FROM  THE  PACIFIC  COAST  OF  NORTH  AMERICA 

IRWIN  POLLS1  AND  J.  CONOR 

Orajon  State  University,  Marine  Science  Center,  Newport,  Oregon  97365 

The  righting  reaction  in  Asteroids  may  be  defined  as  the  ability  of  sea  stars, 
when  placed  on  their  aboral  surface,  to  turn  over  onto  the  normal  position  with 
the  oral  surface  down. 

Reese  (1966)  listed  four  basic  questions  concerning  the  righting  reaction  in 
asteroids:  (1)  What  is  the  nature  of  the  stimulus  that  evokes  righting?  (2)  Is 
the  coordination  of  the  righting  movements  under  central  (radial  and  ring)  or 
peripheral  (series  of  reflexes)  control?  (3)  Is  there  a  pair  of  arms  which  tend 
to  initiate  and  lead  in  righting,  that  is,  is  there  a  physiological  anterior  end  in 
righting  ?  ( 4 )  What  are  the  sources  of  variation  in  righting  ? 

Righting  in  asteroids  was  first  studied  experimentally  by  Vulpian  (1862), 
Romanes  and  Ewart  (1881),  and  Romanes  (1885),  but  they  were  mostly  con- 
cerned with  the  nature  of  the  stimulus  that  evoked  righting.  Since  these  early 
studies,  numerous  descriptions  of  the  righting  behavior  of  various  species  of 
asteroids  have  appeared. 

Detailed  descriptions  of  the  righting  movements  are  given  by  Jennings  (1907), 
Moore  (1910a,  1910b,  1939),  Cole  (1913a).  Kjerschow-Agersborg  (1918),  Rus- 
sell (1919),  Ohshima  (  1940),  and  Rodenhouse  and  Guberlet  (1946). 

The  specific  movements  in  the  righting  reactions  of  sea  stars  show  some  varia- 
bility (Jennings,  1907;  Ohshima,  1940),  but  may,  in  general,  be  classified  into 
three  basic  righting  methods  (Ohshima,  1^40).  (1  )  Somersaulting,  all  five  arms 
bend  aborally  bringing  the  tips  of  each  arm  in  contact  with  the  substratum  (dorsal 
reflex).  Typically,  two  adjacent  arms  then  twist  so  that  their  oral  surfaces  face 
each  other.  As  these  two  arms  move  to  the  side  of  the  animal  (walking  distally), 
the  remaining  arms  rise  (orally)  and  swing  over  the  sea  star.  In  effect,  the  animal 
turns  a  somersault.  (2)  Folding  over,  three  arms  lower  aborally.  The  two  outer, 
non-adjacent,  arms  that  have  lowered  twist  so  that  their  oral  surfaces  face  each 
other.  As  these  two  arms  move  to  the  side  of  the  animal,  the  unattached  arms, 
instead  of  elevating,  fold  over  the  rest  of  the  body.  Finally,  the  middle  arm 
doubles  under  the  animal.  (3)  Forming  the  tulip,  all  five  arms  rise  orally  into 
a  "budlike"  shape  with  the  aboral  surface  facing  outward.  Several  arms  swing 
over,  causing  the  center  of  gravity  to  be  changed,  thereby,  forcing  the  animal  to 
turn  over  onto  the  normal  position. 

All  the  variations  seen  in  asteroid  righting  are  apparently  derived  from  these 
three  basic  methods  (Reese,  I960  ). 

In  addition  to  describing  righting,  main-  of  these  authors  gave  considerable 
attention  to  the  question  of  arm  preference  during  righting.  Jennings  (1907),  in 

1  Present  address  :  Metropolitan  Sanitary  District  of  Greater  Chicago,  Research  and  De- 
velopment Laboratory,  5901  West  Pershing  Road,  Cicero,  Illinois  60650. 
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an  extensive  report  on  the  behavior  of  Aslroinetis  scrtulijcra  (=Astcrias  jorreri), 
found  that  the  pair  of  arms  lying  immediately  adjacent  to  the  madreporite  lead 
in  righting.  Similar  findings  have  been  reported  by  Cole  (1910.  1913a,  1913b), 
in  wisterias  forbcsi,  Kjerschow-Agersborg  (1918,  1922)  in  Pycnopodia  helian- 
thoidcs,  and  Russell  (1919),  in  Astcrias  yibbosa.  Cowles  (1910,  1911)  found  that 
in  Echinastcr  crassipitia,  some  individuals  showed  a  tendency  to  right  on  a  specific 
pair  of  arms,  which  Cowles  did  not  identify.  Hamilton  (1922a),  working  with 
Pisastcr  ochraceus,  believed  that  the  arm  which  "pulled  the  strongest"  became 
the  leading  arm  in  righting.  Ohshima  (1940)  studied  righting  in  Greasier  nodosus 
and  concluded  that  there  was  no  preference  for  any  arms  in  righting.  Rodenhouse 
and  Guberlet  (1946)  reported  that  Ptcraster  tcssclatns  showed  a  definite  tendency 
to  right  on  two  adjacent  arms,  but  that  the  specific  pair  of  arms  depended  on 
individuals,  not  species.  They  also  found  that  the  leading  arms  were  not  related 
to  the  position  of  the  madreporite.  Finally,  Smith  (1950),  noted  that  in  Asterias 
ritbens,  arm  preference  was  related  to  the  bilateral  symmetry  of  the  larvae,  rather 
than  to  greater  arm  length  or  greater  number  of  podia. 

It  is  clear  that  the  question  posed  by  Reese  (1966,  page  174),  "Does  one 
pair  of  arms  tend  to  initiate  and  lead  in  the  righting  movements,  that  is,  is  there 
a  functional  or  physiological  anterior  end  involved  in  righting?"  is  unsettled.  This 
study  was  in  part  designed  to  investigate  this  question. 

Much  of  the  published  work  on  Echinoderm  behavior,  especially  righting, 
has  been  qualitative  and  no  statistical  study  on  the  righting  behavior  of  asteroids 
has  been  published.  The  present  paper  describes  and  compares  the  behavioral 
aspects  of  righting  in  two  common  rocky  intertidal  Oregon  sea  stars  Henricia 
leviuscula  and  Leptasterias  acqna/is  by  quantitative  methods.  In  addition,  the 
significance  of  righting  to  the  functional  nature  of  the  asteroid  nervous  system 
is  considered. 

MATERIALS  AND  METHODS 
Species  studied 

The  asteroids  Henricia  leviuscula  and  Leptasterias  aeqnalis  were  selected 
because  they  were  available  in  adequate  number,  are  easily  maintained  in  the 
laboratory  and  their  righting  period  was  relatively  brief.  In  addition,  they  differ 
morphologically. 

Henricia  leviuscula  (Stimpson),  1857  (Order  Spinulosa,  Family  Echinaster- 
idae)  is  found  along  the  Pacific  Coast  of  North  America  from  the  Aleuthn  Islands 
(55°  N)  to  San  Diego,  California  (32°  45'N )  (Feeler  and  Christensen,  1966). 
This  species  has  five  long,  slender,  tapering  arms  which  are  cylindrical  and  rather 
rigid  and  stiff.  H.  leviuscula  is  found  on  intertidal  rocky  substrata  encrusted  with 
sponges  and  bryozoans  (Ricketts  and  Calvin,  1952;  Hopkins  and  Crozier,  1966). 
The  largest  H.  leviuscula  collected  for  this  study  measured  10.1  cm. 

Leptasterias  aeqnalis  (Stimpson),  1862  (Order  Forcipulata.  Family  Asteriidae. 
Subfamily  Asteriinae)  ranges  from  British  Columbia  (50°  X  )  to  Santa  Catalina 
Island,  California  (33°  25'N  )  (Feder  and  Christensen,  1966).  L.  aeqiwlis,  a  six 
armed  sea  star,  is  rather  small,  usually  less  than  6.0  cm  in  diameter.  It  also  lives 
in  the  rocky  intertidal  (Ricketts  and  Calx  in,  1952).  The  arms  in  /..  ncqiialis 
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are  somewhat  flattened  and  because  the  endoskeleton  is  less  developed  are  more 
flexible  and  softer  than  those  of  Hcnricia. 

In  1968,  in  June  and  July,  108  specimens  of  H.  Icviiiscnla  and  111  specimens 
of  L.  acqiialis  were  collected  from  rocky  intertidal  beaches  at  Yaquina  Head 
(44°  40'N,  124°  04'W),  Whale  Cove  (4*4°  47'N,  124°  04'W),  and  Boiler  Bay 
(44°  50'N,  124°  04'W).  Another  group  of  90  H.  Icvinscula  were  collected  in 
May  1969  at  the  same  places  for  additional  studies.  All  available  sizes  of  both 
species  were  collected  and  used  in  the  righting  trials. 

The  sea  stars  were  maintained  at  the  Oregon  State  University  Marine  Science 
Center  in  tanks  of  well-aerated,  running  sea  water.  Once  daily  measurements  of 
the  temperature  of  the  sea  water  running  through  the  holding  tanks  and  the  ex- 
perimental chamber  ranged  from  9.5-15°  C  during  both  the  1968  and  1969  study 
periods.  Animals  were  acclimated  to  aquarium  conditions  for  at  least  48  hours 
prior  to  study.  L.  acqiialis  was  fed  twice  a  week  on  small  specimens  of  Littorina. 
The  unfiltered  laboratory  sea  water  was  considered  to  contain  adequate  organic 
material  to  maintain  H.  Icviuscnla,  since  this  genus  uses  filter  feeding  (Anderson, 
1960 ;  Rasmussen,  1965). 

Methods  of  observation 

Righting  behavior  was  examined  by  repeating  a  standard  laboratory  righting 
trial  with  a  large  number  of  individuals  of  each  species,  and  analyzing  the  observa- 
tions made  by  statistical  methods. 

Each  of  the  arms  of  the  sea  stars  was  identified  during  the  righting  trials  us- 
ing the  method  devised  by  Jennings  (1907)  in  his  study  of  the  righting  reaction 
of  Astrometis  scrtnlijcra.  The  aboral,  acentric  madreporite,  located  between  two 
adjacent  arms  (Fig.  1),  was  used  as  a  landmark  for  designating  arms.  By  locat- 
ing the  madreporite  at  6:00,  the  arms  were  named  clockwise  beginning  with  arm 
A  (Fig.  1). 

Righting  trials  were  run  in  an  aquarium  with  one  plate  glass  and  three  ply- 
wood sides.  The  bottom  area  of  the  aquarium,  61  X  33  cm,  was  covered  with  a 
smooth  plexiglass  plate. 

Attempts  were  made  throughout  the  study  to  keep  the  environment  of  the 
observation  aquarium  constant.  The  water  was  30  cm  deep  and  continually  re- 
newed. The  glass  side  of  the  observation  aquarium  always  faced  away  from  the 
laboratory  window.  Light  during  experiments  was  from  an  overhead  fluorescent 
source.  Light  intensity,  determined  by  a  photographic  light  meter,  was  found 
to  be  nearly  equal  in  all  directions.  Therefore,  light  was  considered  not  to  be  a 
directional  stimulus. 

The  general  procedure  for  conducting  righting  trials  for  both  species  was  as 
follows:  (1)  Losing  the  observers  bare  hand,  an  individual  sea  star  was  selected 
from  the  group  in  the  holding  tank  and  placed  in  the  observation  aquarium  with 
its  oral  surface  in  contact  with  the  plexiglass  plate.  (2)  After  a  few  minutes,  the 
tip  of  one  arm  was  grasped  with  the  fingers  and  the  sea  star  inverted  under 
water.  (3)  The  righting  reaction  was  observed  from  above  and  from  the  side 
of  the  aquarium  and  timed.  (4)  The  sea  star  was  transferred  to  a  separate  hold- 
ing tank  and  not  used  again  that  day,  except  in  the  time-size  studies  described 
separately. 
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FIGURE  1.  Letter  designation  of  arms  of  Lcptastcrias  acqitalis;  upper  diagram,  aboral 
surface,  lower  diagram,  oral  surface  (ventral),  with  the  position  of  the  madreporite  on  the 
aboral  surface  outlined;  1.  madreporite;  2.,  arm  or  ray. 

Separate  trials  were  not  conducted  for  each  of  the  phenomena  being  investi- 
gated. Instead,  during  each  trial  timed  observations  were  made  on  righting  method, 
pre-righting  activity,  arm  movements  and  identity  of  leading  arms. 

Between  July  15  and  August  4,  1968,  when  most  of  this  work  was  done,  130 
trials  were  conducted  using  the  group  of  108  specimens  of  H.  Icriuscnla  and  260 
trials  conducted  using  the  111  specimens  of  L.  acqualis  available.  During  the 
1968  trials,  the  temperature  in  the  observation  aquarium  was  measured  inter- 
mittently and  found  to  range  from  9.5-15°  C. 

The  relationship  between  righting  time  and  individual  size  was  investigated  in 
both  species  by  additional  sets  of  trials.  Approximately  ten  individuals  of  each 
of  three  size  classes  were  selected  for  each  species.  Size  classes  were  based  on 
arm  length,  or  raditis  (R),  measured  as  the  distance  from  the  tip  of  the  arm  to 
the  center  of  the  mouth. 
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Procedures  for  all  time-size  trials  were  as  described  above,  except  that  each 
individual  was  used  for  three  trials,  designated  A,  B  and  C,  with  six  and  12  hour 
rest  intervals  between  successive  trials.  A  total  of  84  time-size  trials  were  run 
for  each  species. 

In  the  case  of  L.  aeqitalis  28  individuals  were  selected  from  the  1968  group 
used  in  previous  trials.  Small  specimens  of  L.  acqnalis  measured  0.8-1.9  cm, 
medium,  2.1-2.9  cm,  and  large,  3.0-4.1  cm.  In  1969,  28  specimens  of  H.  Icviuscula 
were  selected  from  the  90  individuals  available.  Small  specimens  of  H.  leinuscula 
measured  0.4—2.8  cm.  medium,  3.1—4.8  cm,  and  large,  5.0—10.1  cm. 

The  data  were  tested  statistically  using  either  the  chi-square  "goodness-of-fit" 
test  or  the  Student's  "t"  test  at  the  0.05  level  of  significance. 

RESULTS 
Righting  methods 

H.  Icrinsciila  used  only  the  somersaulting  method  to  right  itself.  L.  acqualis 
used  both  the  folding  over  and  somersaulting  methods  when  righting.  The  somer- 
saulting method  was  used  significantly  more  than  folding  over  (X2  =  132;  d.f.  = 
1  ;  />  —  0.005).  Occasionally  L.  acqualis  used  a  combination  of  both  folding  over 
and  somersaulting  methods  in  righting. 

Pre-righting  period 

According  to  previous  studies,  when  a  sea  star  is  first  placed  on  its  back,  it 
usually  rests  on  its  disc  because  the  aboral  surface  is  convex.  It  then  remains 
motionless  for  a  variable  amount  of  time  before  a  reaction  appears.  This  is  called 
the  latent  or  quiescent  period. 

No  entirely  motionless  quiescent  period  was  observed  in  H.  leviuscula  and  L. 
acqualis,  neither  of  which  are  markedly  convex.  In  both  species,  some  arm  and 
tube  foot  movements  could  be  detected  immediately  after  inversion.  These  move- 
ments were  slight  and  very  difficult  to  observe,  but  small,  jerking  movements  by 
some  of  the  arms  were  always  detected.  These  slight  movements  lasted  for  0.5 
to  3  seconds  before  major  arm  movements  occurred. 

Ami  movements 

Following  the  pre-righting  period,  arm  activity  increases  and  leads  eventually 
to  resumption  of  the  normal  position  with  the  oral  surface  and  tube  feet  in  con- 
tact with  the  substratum.  The  observations  on  H.  leviuscula  and  L.  acqualis 
showed  that  the  chief  arm  movements  used  in  righting  were:  (1)  Lowering 
(aboral  flexure) — when  a  sea  star  was  first  turned  over  and  placed  on  its  back, 
the  aboral  surfaces  of  the  arms  were  not  in  contact  with  the  substratum,  but  slightly 
elevated  above  it.  The  lowering  activity  permits  an  arm  to  come  in  contact  with 
the  substratum.  (2)  Raising  (oral  flexure) — raising  occurred  when  an  arm  rose 
from  the  substratum  so  that  it  was  above  the  animal  with  its  aboral  surface  facing 
away  from  the  mouth  and  the  tube  feet  facing  inward.  The  tip  of  the  arm  was 
held  above  the  animal.  (3)  Rolling  (twisting) — an  arm  can  be  described  as 
rolling  when  it  twists  on  its  axis  to  either  side,  bringing  its  tube  feet  in  contact 
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TAHLF.  I 

Statistical  analysis  comparing  the  leading  arms  used  in  righting  in  Henricia  leviuscula 

utilizing  the  chi-square  goodness-of-fit  test 


Leading  arms 
compared 

N* 

Degrees  of  freedom 

Computed  X-  values 

Probability  of  a 
larger  X* 

C  and  A 

106 

1 

4.56 

0.050** 

C  and  B 

110 

1 

2.94 

0.100 

C  and  D 

127 

1 

0.007 

0.950 

C  and  E 

109 

1 

3.31 

0.100 

D  and  A 

105 

1 

4.20 

0.050** 

D  and  B 

109 

1 

2.65 

0.110 

D  and  E 

108 

1 

3.00 

0.100 

*  Total  number  of  times  the  two  arms  are  used  as  leading  arms,  based  on  130  trials. 
**  Significantly  different  at  the  5r,'  level. 

with  the  substratum.     All  possible  combinations  of  the  major  righting  movements, 
lowering,  raising,  and  rolling  of  the  arms,  resulted  in  the  sea  star  turning  over. 

Detailed  description  of  righting  reactions 

In  H.  leviuscula,  during  the  pre-righting  period  the  ambulacral  grooves  opened 
wide  and  the  tube  feet  were  extended.  Next,  the  tube  feet  on  one  arm  all  extended 
in  one  direction.  As  the  reaction  proceeded,  the  other  four  arms  were  lowered 
and  eventually  brought  their  aboral  surfaces  in  contact  with  the  substratum,  and 
their  tube  feet  pointed  in  the  same  direction  as  those  of  the  arm  first  lowered. 
While  the  arms  were  being  lowered,  they  were  usually  also  rolling.  Once  the 
substratum  had  been  gripped,  four  or  five  arms  (one  sometimes  temporarily  re- 
maining inactive)  began  to  roll  to  one  side  or  the  other.  Eventually,  two  arms 
rolled  so  that  their  ventral  surfaces  faced  each  other.  They  then  began  "walking" 
to  the  side  of  the  animal  bringing  more  and  more  tube  feet  into  action.  These 
two  arms  are  called  the  leading  arms  in  this  discussion.  As  these  two  arms  moved 
to  the  side  of  the  animal,  one  or  two  of  the  remaining  arms  released  themselves 
and  swung  over  the  sea  star  until  their  ventral  surfaces  reached  the  bottom.  The 
other  arm(s)  was  then  pulled  over,  so  that  the  animal  in  effect  turned  a  somersault. 

L.  acqualis  used  either  the  folding  over  or  somersaulting  method  when  right- 
ing. Occasionally,  a  combination  of  both  righting  methods  was  used.  Following 
the  pre-righting  period,  five  or  six  arms  were  lowered,  bringing  their  aboral  sur- 
faces in  contact  with  the  substratum.  As  these  arms  lowered  they  were  usually 
rolling  distally.  Once  the  substratum  had  been  gripped,  three  to  six  arms  began 
rolling  to  either  side.  The  lowering  and  rolling  phases  were  followed  by  one  of 
the  three  types  of  reactions  described  below. 

First,  two  of  the  arms  that  were  rolling  on  the  substratum  eventually  twisted 
so  that  their  ventral  surfaces  faced  each  other.  Except  for  the  fact  that  one  ad- 
ditional arm  swung  over,  the  rest  of  the  righting  reaction  was  very  similar  to 
the  righting  method  described  for  H.  leviuscula. 

Secondly,  three  adjacent  arms  that  were  rolling  on  the  substratum  twisted 
so  that  the  ventral  surfaces  of  the  outer  arms  eventually  faced  each  other.  These 
became  the  leading  arms.  The  arm  between  the  two  leading  arms  remained  pas- 
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TABLE  1 1 

Statistical  analysis  comparing  the  leading  arms  used  in  righting  in  Leptasterias 
aequalis  utilizing  the  chi-square  goodness-of-fit  test 


Leading  arms  compared 

Nf 

Degrees  of  freedom 

Computed  X2  values 

Probability  of  a 
larger  X* 

A  and  B 

194 

1 

0.08 

0.900 

A  and  C 

176 

1 

2.75 

0.100 

A  and  D 

165 

1 

6.66 

0.010** 

A  and  E 

189 

1 

0.42 

0.750 

A  and  F 

192 

1 

0.19 

0.750 

B  and  C 

172 

1 

1.88 

0.250 

B  and  D 

161 

1 

5.23 

0.025* 

B  and  E 

185 

1 

0.14 

0.750 

B  and  F 

188 

1 

0.01 

0.900 

C  and  D 

143 

1 

0.84 

0.500 

C  and  E 

167 

1 

1.01 

0.500 

C  and  F 

170 

1 

1.51 

0.250 

D  and  E 

156 

1 

3.69 

0.100 

D  and  F 

159 

1 

4.58 

0.050* 

E  and  F 

183 

1 

0.05 

0.900 

t  Total  number  of  times  the  two  arms  are  used  as  leading  arms,  based  on  260  trials. 
*  Significantly  different  at  the  5c'f  level. 
**  Significantly  different  at  the  lrj.  level. 

sive  and  later  doubled  under  the  disc  or  walked  backwards  under  the  sea  star. 
As  the  two  leading  arms  moved  to  the  side  of  the  animal,  one,  two,  or  three  of 
the  remaining  arms  released  and  swung  over  the  sea  star.  Finally,  the  other  arms 
were  pulled  over  until  their  ventral  surfaces  reached  the  substratum. 

Thirdly,  four  adjacent  arms  that  were  rolling  on  the  substratum  eventually 
twisted  so  that  the  ventral  surfaces  of  the  two  outer  arms  faced  each  other.  The 
two  middle  arms  either  remained  passive  and  later  doubled  under  the  disc  or 
walked  backwards  under  the  animal.  The  two  remaining  unattached  arms  were 
finally  pulled  over  by  the  action  of  the  four  attached  arms. 

In  L.  acqualis,  the  coordinated  tube  foot  movements  of  all  arms  appeared  later 
in  the  righting  reaction  than  in  H.  leviuscula.  In  both  species  this  unified  re- 
sponse was  the  first  visible  sign  of  coordination  of  all  arms  to  produce  the  righting 
movement. 

Leading  arms 

In  order  to  determine  whether  or  not  PI.  leviuscula  and  L.  acqualis  showed  a 
preference  for  using  a  particular  arm  or  combination  of  arms  to  turn  over  in  the 
righting  reaction,  the  data  were  subjected  to  statistical  analysis  by  the  chi-square 
goodness-of-fit  test.  The  results  are  summarized  in  Tables  I  to  IV. 

For  the  statistical  analysis  each  arm  was  first  considered  separately,  even  when 
functioning  as  a  member  of  a  pair  of  leading  arms. 
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TABLE  III 

Statistical  analysis  comparing  the  leading  pairs  of  arms  used  in  righting  in  Henricia 
leviuscula  utilizing  the  chi-square  goodness-of-fit  test 


Leading  pairs  of  arms 
compared 

N* 

Degrees  of  freedom 

Computed  X2  values 

Probability  of  a 
larger  X2 

C/D  and  A/B 

60 

1 

5.40 

0.025** 

C/D  and  B/C 

64 

1 

3.08 

0.100 

C/D  and  D/E 

63 

1 

3.57 

0.100 

C/D  and  E/A 

60 

1 

5.40 

0.025** 

*  Total  number  of  times  the  pairs  of  arms  were  used  as  leading  pairs  of  arms,  based  on  130  trials. 
**  Significantly  different  at  the  5%  level. 

From  the  data  presented  in  Table  I  it  can  be  noted  that  H.  leviuscula  used 
arms  C  and  D  more  often  as  leading  arms  than  arms  A,  B,  and  E.  When  arms 
C  and  D  were  compared  they  were  found  to  be  used  as  leading  arms  equally. 
Only  when  arms  C  and  D  were  compared  with  arm  A  were  they  found  to  be 
used  significantly  more  often  as  leading  arms. 

Analysis  of  the  data  on  leading  arms  in  L.  acqitalis,  indicated  that  in  this  spe- 
cies also,  certain  arms  were  used  more  as  leading  arms  than  other  arms.  The 
results  are  shown  in  Table  II.  Arms  A,  B,  E  and  F  were  used  more  as  leading 
arms  in  the  righting  reaction  than  arms  C  and  D.  Also,  the  data  showed  that 
arms  A,  B,  E  and  F  were  all  used  equally  as  leading  arms,  as  were  arms  C,  and  D. 
Only  when  arms  A,  B,  and  F  were  compared  to  arm  D  were  they  found  to  be 
used  significantly  more  often  as  leading  arms. 

It  was  previously  shown  that,  when  righting,  both  species  preferred  the  varia- 
tion of  the  somersaulting  method  using  two  adjacent  arms.  The  next  step  in 
the  analysis  was  to  determine  whether  or  not  either  species  showed  preference  for 
any  pair  of  adjacent  arms.  In  15%  of  the  260  trials,  L.  ac qualis  used  three  or 
four  arms  as  a  leading  group  when  using  the  folding  over  method.  These  data 
were  not  used  in  the  analysis  of  pair  preference. 

In  H.  leviuscula  the  combination  of  arms  C/D  was  used  more  as  a  leading 
pair  of  arms  than  the  pairs  A/B,  B/C,  D/E,  and  E/A  (Table  III).  Only  when 
the  pair  of  arms  C/D  was  compared  with  the  combination  of  arms  A/B,  and 
E/A,  was  it  found  to  be  used  significantly  more  often  as  a  leading  pair  of  arms. 

Analysis  of  the  data  on  leading  pairs  of  arms  in  L.  acqitalis  indicated  that  the 
pair  or  combination  of  adjacent  arms  A/B,  B/C,  E/F,  and  F/A  were  used  more 
often  as  leading  arms  in  the  righting  reaction  than  arms  C/D  and  D/E  (Table 
IV).  The  pair  of  arms  C/D  and  D/E  \vere  used  equally  as  often  as  leading  arms 
in  the  righting  reaction,  as  were  the  pairs  A/B,  B/C,  E/F  and  F/A.  Only  when 
the  pairs  of  adjacent  arms  A/B,  B/C,  and  E/F  were  compared  to  C/D  were  they 
found  to  be  used  significantly  more  as  a  leading  pair  of  arms. 

Time 

The  time  required  for  righting  in  H.  leviuscula  was  very  variable,  ranging 
from  94  to  570  seconds.  The  average  time  taken  was  230  seconds.  In  L.  aequalis, 
variability  in  righting  time  ranged  from  67  to  664  seconds  for  the  somersaulting 
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TABLE  IV 

analysis  comparing  the  leading  pairs  of  anus  in  righting  in  Leptasterias 
aequalis  utilizing  the  chi-square  goodncss-of-fit  test 


Leading  pairs  of  arms 
compared 

N* 

Degrees  of  freedom 

Computed  X2  values 

Probability  of  a 
larger  X'2 

A/B  and  B/C 

88 

1 

0.00 

0.000 

A/B  and  C/D 

66 

1 

7.30 

0.010** 

A/B  and  D/E 

74 

1 

2.64 

0.250 

A/B  and  E/F 

87 

1 

0.00 

0.900 

A/B  and  F/A 

81 

1 

0.60 

0.500 

B/C  and  C/D 

66 

1 

7.30 

0.010** 

B/C  and  D/E 

74 

1 

2.64 

0.250 

B/C  and  E/F 

87 

1 

0.01 

0.900 

B/C  and  F/A 

81 

1 

0.60 

0.500 

C/D  and  D/E 

52 

1 

1.23 

0.500 

C/D  and  E/F 

65 

1 

6.80 

0.010** 

C/D  and  F/A 

59 

1 

3.81 

0.100 

D/E  and  E/F 

52 

1 

2.26 

0.250 

D/E  and  F/A 

67 

1 

0.70 

0.500 

E/F  and  F/A 

80 

1 

0.45 

0.500 

*  Total  number  of  times  the  pair  of  arms  were  used  as  leading  pairs  of  arms,  based  on  220  trials. 
**  Significantly  different  at  the  1  r,<  level. 


method  and  from  100  to  623  seconds  for  the  folding  over  method.  The  average 
time  taken  was  168  seconds  for  the  somersaulting  method  and  195  seconds  for 
folding  over.  Analysis  of  the  data  showed  that  there  was  no  significant  difference 
in  righting  time  between  the  somersaulting  and  folding  over  method  in  L.  aequalis 
(X2==2.01;d.f.  =:  1;P==0.20). 

Time-size  relationship 

In  order  to  determine  whether  there  was  a  significant  relationship  between 
body  size  (the  R  measurement)  and  the  righting  time  in  II.  leviuscula  and  L. 
aequalis,  the  variance,  standard  deviation,  and  standard  errors  of  the  righting 
time  was  determined  for  each  of  the  three  size  categories  for  both  species  (Tables 
V  and  VI).  Righting  time  ranged  from  as  much  as  400  seconds  in  large  indi- 
viduals to  200  seconds  in  smaller  individuals. 

For  each  species  the  mean  righting  times  of  the  three  size  classes  were  com- 
pared using  the  t-test.  In  H.  leviuscula  (Table  VII)  a  significant  difference  was 
found  between  the  righting  times  of  small  and  medium  sized  individuals  (t  —  2.79; 
d.f.  ~  26;  P  --  0.005),  and  medium  and  large  sized  individuals  (t  =  6.64;  d.f.  = 
26;  P  =0.005).  In  L.  aequalis,  when  small  and  medium  sized  individuals  \vere 
compared,  it  was  found  that  there  was  a  significant  difference  between  their  right- 
ing times  (t  -  4.JW ;  d.f.  ==  2(>:  P  -  0.005).  The  same  was  true  of  medium  and 
large  sized  individuals  (t  ==  1.71  ;  d.f.  -=  26;  P  —  0.10).  These  facts  suggest  that 
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TABLK  Y 

Sunniiarv  of  statist i<'dl  until ysis  of  the  righting  times  in  Hcnricia  leviuscula 

of  different  sizes 


Trial 

Sum 
(Seconds) 

y 

Range 

S2 

s 

S.E. 

X* 

Small  (R  =  0.4-2.8  cm) 


A 

1019 

113 

81-168 

806 

28 

9.46 

9 

B 

1378 

153 

86-230 

3,145 

56 

18.70 

9 

C 

13  94 

155 

127-196 

796 

28 

9.40 

9 

Total 

3791 

140 

81-230 

1,849 

43 

8.26 

27 

Medium  (R  =  3.1-4.8  cm) 


A 

1766 

177 

100-412 

7,951 

89 

27.90 

10 

B 

1823 

182 

84-323 

7,809 

88 

27.63 

10 

C 

2014 

201 

128-307 

3,985 

63 

19.72 

10 

Total 

5603 

187 

84-412 

6,244 

79 

14.36 

30 

Large  (R  =  5.0-10.1  cm) 


A 

2776 

308 

165-426 

9,877 

99 

33.10 

9 

B 

3283 

365 

233-524 

12,895 

114 

38.00 

9 

C 

3421 

380 

274-554 

9,509 

98 

32.66 

9 

Total 

9480 

351 

165-554 

10,918 

105 

20.99 

27 

*  Total  number  of  times  animals  were  turned  over 

there  was  a  significant  relationship  between  the  body  size  and  the  righting  time 
in  both  species  of  sea  stars,  with  smaller  individuals  righting  faster  than  larger. 

It  was  also  observed  that  H.  lerhisciila-  took  longer  times  to  right  in  successive 
trials,  even  with  six  and  12  hour  rest  intervals  between  trials  (Table  V).  This 
was  not  true  of  L.  acqnalls  (Table  VI). 

Mechanical  stimulation 

Sea  stars  were  turned  over  by  picking  them  up  by  the  tip  of  one  arm.  The 
possible  effect  on  the  frequency  of  the  use  of  such  arms  as  lead  arms  was  studied 
by  analyzing  the  data  with  the  chi-square  goodness-of-fit  test. 

Regardless  of  which  arm  was  used  to  turn  H.  lei'iiiscula  over,  the  arm  so 
stimulated  was  used  with  the  same  frequency  as  a  leading  arm  as  each  of  the 
other  arms.  Therefore,  in  H.  leviuscula  mechanical  stimulation  did  not  affect  the 
use  of  an  arm  as  a  leading  arm  in  any  way. 

On  the  other  hand,  analysis  of  the  effects  of  mechanical  stimulation  on  L. 
acqitalis  indicated  that  regardless  of  which  arm  was  used  to  turn  the  sea  star  over, 
the  arm  so  stimulated  was  used  less  as  a  leading  arm  than  each  of  the  other  arms. 

Further  statistical  analysis  on  the  effect  of  mechanical  stimulation  showed 
that  in  most  instances  the  arm  used  to  turn  the  sea  star  over  was  used  less  as  a 
leading  arm  than  it  would  have  been  if  that  arm  had  not  been  used  to  turn  the  sea 
star  over  and  less  than  each  of  the  other  arms. 
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TAHI.K  VI 

Summary  of  statistical  analysis  of  the  righting  times  in  Leptasterias 
aequalis  of  various  sizes 


Trial 

Sum 
(Seconds) 

y 

Range 

S2 

s 

S.E. 

N* 

Small  (R  =  0.8-1.9  cm) 


A 

1160 

145 

86-236 

3,441 

59 

20.85 

8 

B 

1604 

160 

95-379 

7,211 

85 

26.87 

10 

C 

1223 

136 

83-269 

3,263 

57 

19.03 

9 

Total 

3987 

148 

83-379 

4,536 

67 

12.45 

27 

Medium  (R  =  2.1-2.9  cm) 


A 

3028 

303 

123-576 

14,767 

122 

38.40 

10 

B 

2127 

213 

157-407 

5,030 

71 

22.44 

10 

C 

2332 

233 

156-484 

9,837 

99 

31.39 

10 

Total 

7487 

250 

123-576 

10,735 

104 

18.92 

30 

Large  (R  =  3.0-4.1  cm) 


A 

3127 

347 

199-737 

29,374 

171 

57.13 

9 

B 

2285 

254 

151-585 

24,161 

156 

51.83 

9 

C 

2970 

330 

183-694 

30,537 

175 

58.23 

9 

Total 

8479 

310 

151-737 

35,494 

188 

36.26 

27 

*  Total  number  of  times  animals  were  turned  over 


DISCUSSION 

Variation  in  the  righting  method  has  been  attributed  to  many  extrinsic  and  in- 
trinsic factors  (Reese,  1966).  In  this  work,  the  methods  of  study  and  mainte- 
nance of  laboratory  animals  were  designed  so  that  as  many  of  these  factors  as 
possible  were  kept  constant,  or  variation  in  them  kept  minimal. 

Somersaulting  characterized  the  righting  method  employed  by  both  H.  Ici'iiis- 
citla  and  L.  aequalis.  In  contrast,  the  folding  over  method,  and  a  combination  of 
folding  over  followed  by  somersaulting  were  used  only  by  L.  aequalis.  Table 
VIII  summarizes  the  various  righting  methods  known  to  be  used  by  asteroids, 
and  demonstrates  that  the  method  used  by  H.  Icrinscnla  and  L.  aequalis  is  the 
predominate  method  known. 

Since  representatives  of  all  major  extant  orders  are  included,  the  somer- 
saulting method  described  in  detail  here  appears  to  be  characteristic  of  the  entire 
Class  Asteroidea. 

Evidence  for  the  existence  of  a  quiescent  period  in  righting  in  asteroids  is 
given  by  Moore  (1939),  Ohshima  (1940),  Hyman  (1955),  and  Reese  (1966). 
The  present  study  indicates  that  H.  Ici'inscula  and  L.  aequalis  are  active  during 
the  pre-righting  period,  suggesting  that  there  is  no  true  quiescent  period  in  these 
species.  Evidence  was  found  by  the  author  that  Astropectcn  brasiliensis  annatns 
and  Patiria  mini-ata  (Polls,  unpublished  data)  also  have  no  quiescent  period. 
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TABLE  VII 

Statistical  analysis  comparing  the  righting  times  of  various  size  categories  of  Henricia 
leviuscula  and  Leptasterias  aequalis  utilizing  the  t-test 


Species 

Size  categories  compared 

Nf 

Degrees  of 
freedom 

Computed  t 
value 

Probability  of  a 
larger  t 

Henricia  leviuscula 

Small  and  Medium 

57 

26 

2.79 

0.005** 

Medium  and  Large 

57 

26 

6.64 

0.005** 

Leptasterias 

aequalis 

Small  and  Medium 

57 

26 

4.39 

0.005** 

Medium  and  Large 

57 

26 

1.71 

0.050* 

t  Total  number  of  times  animals  were  turned  over. 
*  Significantly  different  at  the  5%  level. 
**  Significantly  different  at  the  1%  level. 


Due  to  the  shortness  of  the  pre-righting  period,  no  attempt  was  made  to 
discover  which  arms  were  actually  moving  first,  nor  how  this  might  affect  the 
role  played  by  these  individual  arms  during  the  rest  of  the  righting  reaction.  Ad- 
ditional observations  are  needed  to  answer  questions  on  the  specific  order  and 
nature  of  the  pre-righting  motions,  and  their  significance. 

During  the  pre-righting  period,  the  sea  star  may  be  sensing  its  inverted  posi- 
tion and  relaying  this  sensory  information  by  way  of  the  nervous  system  to  other 
parts  of  the  body.  Apparently,  once  the  inverted  orientation  has  been  detected 
and  nervous  integration  accomplished,  the  righting  reaction  can  be  initiated. 

Following  the  pre-righting  period,  the  tube  feet  of  all  the  arms  are  extended 
outward  in  many  directions.  Once  the  initial,  oriented,  tube  feet  movements 
appear,  all  activities  of  the  sea  star  are  committed  towards  turning  in  a  certain 
unified  way  and  direction.  The  establishment  of  righting  response  implies  a  co- 
ordinated activity  of  all  the  arms  and  the  tube  feet. 

Coordinated  arm  movements  were  clearly  present  in  H .  Ici'insciila  at  the  be- 
ginning of  the  righting  reaction  but,  in  L.  aequalis,  they  appeared  later.  Early 
coordinated  movements  have  also  been  observed  in  other  asteroids  by  Jennings 
(1907),  Cole  (1913b),  Kjerschow-Agersborg  (1918),  Russell  (1919),  Hamilton 
(1922b),and  Moore  (1939). 

Jennings  (1907)  lists  a  number  of  factors  which  may  determine  the  direction 
of  the  righting  movements,  the  most  important  of  which  is  the  tendency  to  right 
with  a  fixed  pair  of  arms.  Once  the  tube  feet  of  these  arms  are  all  extended  in 
the  same  direction,  these  arms  become  the  leading  arms.  In  other  words,  once 
the  righting  response  appears,  one  can  tell  early  in  the  righting  reaction  which 
will  be  the  leading  pair  of  arms. 

The  results  of  this  study  show  that  following  the  righting  response,  the  at- 
tached tube  feet  of  the  non-leading  arms  let  go  (releasing  response)  and  extend 
in  the  direction  of  the  leading  arms. 

Hamilton  (1922b),  Moore  (1945),  Kerkut  (1954),  and  Smith  (1965)  also 
found  that  following  the  righting  response  the  tube  feet  of  the  subordinate  arms 
detach.  Suppression  of  activity  by  the  tube  feet  of  non-leading  arms  thus  plays 
a  critical  part  in  the  first  movements  of  the  righting  reaction.  No  causal  explana- 
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TABLE  VIII 
Righting  methods  used  by  asteroids 


Order 


Species 


Most  Common  Righting 
Methods 


Investigator 


Phanerozonia 


Spinulosa 


Furcipulata 


.1  slropeclen  auranciacus 
Astropecten  brasiliensis 


Oreaster  nodosim 
Asterina  gibbosa 

Henricia  lerhiscula 
Patiria  miniata 
Pterasler  tesselatus 

Asterias  forbesi 

.  l.sterias  rubens 


A  stromctis  sertulifera 

Leptasterias  aequalis 
Pisaster  ochraceous 


Pycnopodia  heliu  nthoides 


Somersaulting  and  tulip 
Tulip 

Folding  over 
Somersaulting  and 

folding  over 
Somersaulting 
Somersaulting 
Somersaulting 

Folding  over 
Somersaulting 


Somersaulting  and 

folding  over 
Somersaulting 
Somersaulting 


Combination  ol  somer- 
saulting and  folding 
over 


Romanes  (1885) 
Polls    (unpublished) 

Ohshima  (1940) 
Russell  (1919) 

Polls  (1969) 

Polls   (unpublished) 

Rodenhouse  and 

Guberlet  (1946) 
Cole  (1913a,  1913b) 
Romanes  and  Ewart 

(1881) 

Romanes  (1885) 
Smith  (1950) 
Jennings  (1907) 

Polls  (1969) 

Moore     (1910a,     1910b) 

Hamilton      (1921, 

1922a,  1922b) 
Kj  erschow-Agersborg 
(1918) 


tion  for  this  suppression,  which  must  require  central  nervous  system  integration, 
can  be  given  at  this  time. 

Many  investigators  have  attempted  to  discover  whether  there  is  a  physiological 
anterior  end  involved  in  righting.  The  literature  dealing  with  this  question  falls 
into  two  major  categories.  Ohshima  (1940)  found  no  dominant  or  leading  arms 
in  righting,  and  consequently  no  anterior  end.  In  contrast,  lennings  (1907), 
Cole  (1910,  1913a,  1913b),  Cowles  (1910,  1911),  Kj  erschow-Agersborg  (1918, 
1922),'  Russell  (1919),  Hamilton  (1922a),  Rodenhouse  and  Guberlet  (1946), 
Smith  (1950),  and  Polls  (unpublished  data)  reported  that  there  is  a  physiological 
anterior  end  marked  by  a  dominant  pair  of  arms. 

Since  the  results  of  this  study  show  that  there  was  a  leading  pair  of  arms  in 
both  H.  leviuscula  and  L.  aequalis  they  support  the  idea  that  sea  stars  have  a 
physiological  anterior  end.  It  is  not  known  why  sea  stars  use  one  combination  of 
arms  more  frequently  than  others  as  a  leading  pair,  nor  why  different  species 
use  different  pairs. 

Reese  (1966,  page  179),  after  reviewing  the  literature  on  righting  in  Echino- 
derms,  concludes  that  "there  is  a  tendency  for  one  pair  of  arms — usually  at  least 
one  arm  of  the  pair  is  adjacent  to  the  madreporite — to  lead  the  righting  move- 
ment." However,  he  further  says  that  this  preference  for  one  pair  of  arms  is 
an  individual  rather  than  a  species  characteristic. 
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In  this  study  it  was  not  possible  to  follow  the  behavior  of  individuals  since 
various  marking  techniques  such  as  vital  dyes  and  tagging  were  unsuccessful. 
Although  some  sea  stars  may  exhibit  individual  preference  for  a  leading  arm, 
the  results  of  this  study  show  that  in  /-/.  Icriuscula  and  L.  acqualis  the  preference 
for  certain  arms  to  lead  in  the  righting  reaction  is  a  species  rather  than  an  indi- 
vidual characteristic. 

While  H.  leviuscula  and  L.  acqualis  showed  a  preference  for  certain  arms  to 
lead  in  the  righting  reaction,  these  are  not  adjacent  to  the  madreporite.  The 
position  of  the  madreporite  may  have  indirect  significance  in  arm  preference  dur- 
ing righting  in  asteroids.  Unfortunately,  there  is  no  information  in  the  literature 
on  how  the  madreporite  is  related  to  the  central  nervous  system,  nor  is  there  any 
obvious  asymmetry  of  the  nervous  system  in  the  madreporite  region.  The  madre- 
porite remains  a  curious  bench-mark. 

It  was  observed  that  in  H.  leviuscula  and  L.  acqualis,  the  preference  for  a 
specific  arm  is  not  due  to  the  length  of  the  arm,  or  greater  number  of  tube  feet 
as  suggested  by  Hamilton  (1922a),  since  the  leading  arms  were  the  same  length 
as  the  non-leading  arms.  This  also  was  found  by  Cole  (1913a)  in  Asterias  jorbcsi, 
Crozier  (1920)  in  Coscinastcrias  tetniispina.  and  Smith  (1950)  in  his  study  of 
Asterias  rnbcns. 

The  time  required  to  right  from  mechanical  inversion  to  the  natural  posture 
varied  considerably  in  both  H.  leviuscula  and  L.  acqualis.  Variability  in  the  right- 
ing time  has  also  been  reported  by  Cole  (19131)),  Ohshima  (1940),  and  Roden- 
house  and  Guberlet  (1946). 

Kleitman  (1941)  found  that  there  was  a  relationship  between  righting  time 
and  temperature,  with  righting  time  increasing  as  the  temperature  rose.  The 
temperature  was  not  controlled  during  the  trials  in  this  study.  The  possible  effect 
of  the  approximately  5°  C  temperature  variation  between  experiments  was  not 
analyzed.  Analysis  of  the  data  shows  a  strong  relationship  between  size  and  time. 
Any  possible  effects  of  temperature  were  probably  less  than  the  effect  of  size  on 
time  of  righting. 

Asterias,  Aster'ma,  Leptastcrla,  and  Pycnopodia  have  soft,  flexible  bodies, 
slender  arms  (except  Astcrina),  and  strong  tube  feet.  The  species  studied  in 
these  genera  can  right  quite  rapidly.  Cole  (1913b)  reported  that  the  average 
time  for  Asterias  jorbcsi  was  160  seconds.  Russell  (1919)  found  it  to  be  30  to 
45  seconds  for  Aster'ma  gibbosa.  For  L.  acqualis,  the  average  time  was  181  sec- 
onds. Kjerschow-Agersborg  (1918)  reported  that  the  average  time  for  Pycno- 
podia Iicliantlwides  to  be  57.1  seconds. 

In  contrast,  Henricia  and  Orcastcr  have  stiff,  non-flexible  bodies,  the  tube  feet 
are  weak,  and  they  take  much  longer  to  right  than  other  species.  The  average 
time  taken  to  right  for  H.  Ici'iuscula  was  230  seconds.  Ohshima  (1^40)  dis- 
covered it  to  be  360  to  420  seconds  for  Orcastcr  nodosus.  Differences  in  righting 
time  between  species  appear  to  be  primarily  an  expression  of  differences  in  mor- 
phology rather  than  of  environmental  variables  or  behavioral  modes. 

The  great  variation  observed  in  the  righting  time  in  both  species  studied  raised 
the  question  of  the  possible  relationship  between  the  size  of  the  sea  stars  and  their 
righting  times.  The  statistical  analysis  showed  that  there  was  a  significant  rela- 
tionship between  body  size  and  righting  time  (P  =  0.005)  for  both  species.  This 
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suggests  that  with  an  increase  in  body  size  there  is  an  increase  in  the  length  of 
time  taken  to  right  within  a  species  of  asteroid. 

Therefore,  since  a  relationship  has  been  shown  between  righting  time  and 
body  size,  it  is  probable  the  average  righting  times  given  for  other  species  of 
asteroids  may  have  been  influenced  by  the  size  of  the  sea  stars  used.  Unfor- 
tunately, no  size  categories  were  given  for  the  sea  stars  used  in  previous  time-study 
investigations. 

It  was  also  observed  that  after  six  or  even  12  hour  rest  intervals  before  being 
turned  over  again,  H.  leviuscula  took  a  longer  time  to  right.  The  same  phe- 
nomenon was  not  observed  in  L.  aeqnalis.  Kjerschow-Agersborg  (1918)  and 
Ohshima  (1940)  found  after  repeated  trials,  the  righting  time  increased,  which 
they  interpreted  as  fatigue.  Jennings  (1907)  noted  that  after  repeated  turning 
over  of  the  same  individual,  there  was  no  improvement  in  the  time  taken  to  right. 

It  is  possible  that  the  increase  in  righting  time  observed  in  H.  Icrniscnla, 
Pycnopodia  heliantlioides,  and  Orcastcr  nodosus,  may  be  due  to  a  process  similar 
to  habituation. 

The  statistical  analysis  demonstrated  that  in  L.  aeqnalis,  the  arm  used  to  turn 
the  sea  star  over  was  used  less  frequently  as  a  leading  arm.  No  such  effects  of 
mechanical  stimulation  on  a  leading  arm  were  observed  in  H.  leviuscula. 

This  evidence  supports  the  suggestions  of  Jennings  (1907)  and  Smith  (1950) 
that  an  arm  used  most  frequently  as  a  leading  arm  is  conditioned  by  imposed 
external  stimulation.  Smith  (1950)  also  states  that  intensive  stimulation  of  lead- 
ing arms  causes  that  arm  to  be  used  less  as  a  leading  arm.  Similar  observations 
have  been  noted  by  Polls  (unpublished  data)  in  Patina  niiniafa. 

These  findings  suggest  that  if  previous  investigators  turned  over  the  sea  stars 
by  the  same  arm  on  each  trial,  then  perhaps  the  leading  arms  they  found  were 
not  the  true  leading  arms.  In  many  reports  on  righting  in  asteroids,  no  mention 
is  made  as  to  which  arm(s)  was  used  to  turn  the  sea  stars  over. 

H.  levhtscnla  and  L.  aeqnalis  live  on  intertidal  rocky  shore  areas  which  are 
exposed  to  heavy  wave  action.  Therefore,  a  righting  reaction  in  this  habitat  is 
of  obvious  survival  advantage. 

The  statistical  analysis  demonstrated  that  there  was  no  difference  in  the  right- 
ing time  between  the  somersaulting  and  folding  over  method  in  L.  aeqitalis. 
Therefore,  neither  method  would  appear  to  be  more  advantageous  for  survival  in 
nature.  Field  studies  on  the  frequency  and  circumstances  of  use  of  the  two 
methods  may  reveal  their  significance. 

The  authors  wish  to  thank  Dr.  R.  B.  Willey,  Dr.  R.  G.  Peterson,  and  Dr. 
John  S.  Pearse  for  help  and  suggestions,  and  Dr.  E.  S.  Reese  for  his  critical  reading 
of  the  manuscript. 

SUMMARY 

1.  The  behavioral  aspects  of  righting  were  studied  in  the  asteroids  Hcnricla 
leviuscula  and  Leptasterias  aeqnalis  by  detailed  observations  on  the  righting  method, 
including  leading  pair  of  arms  and  righting  time. 

2.  Somersaulting  characterized  the  righting  method  employed  by  both  species. 
In  contrast,  the  folding  over  method,  and  a  combination  of  folding  over  followed 
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by  somersaulting  were  used  only  by  L.  ticqiuilis.     Somersaulting  appears  to  be 
characteristic  of  the  entire  class  Asteroidea. 

3.  Both  species  are  active  during  the  pre-righting  period,  suggesting  that  there 
is  no  entirely  motionless  quiescent  period. 

4.  The  righting  response  was  clearly  present  in  H .  Icnusciila  at  the  beginning 
of  the  righting  reaction.     However,  in  L.  oeqiicilis,  it  appeared  later. 

5.  H.  Icviuscnla  exhibited  a  tendency  to  utilize  arms  C/D  more  as  the  leading 
pair  of  arms  than  other  arm  pairs.     Tn  L.  acqnalis,  arm  pairs  A/B,   B/C,  E/F, 
and  F/A  were  used  more  as  leading  arms  than  arm  pairs   C/D  and  D/E.     In 
both  species  the  preference  for  certain  arms  to  lead  in  righting  reaction  is  a  species 
rather  than  an  individual  characteristic.     Leading  arms  are  not  adjacent   to   the 
madreporite. 

6.  The  time  required  for  righting  in  both  species  was  very  variable.     Differ- 
ences in  righting  time  between  species  appears  to  be  an  expression  of  differences 
in  morphology  rather  than  of  environmental  variables  or  behavioral  modes. 

7.  There  was  a  significant  relationship  between  the  body  size  and  the  righting 
time  in  both   species   of  sea   stars,   with   smaller   individuals   righting   faster   than 
larger. 

8.  Mechanical  stimulation  affected   the  arms  used   in   righting  in   L.   acqnalis. 
The  arm  used  to  turn  the  sea  star  over  was  used  less  frequently  as  a  leading  arm. 
It  is  possible  that  the  results  of  some  previous  studies  are  in  error  because  of  this 
response.    However,  no  such  effects  were  observed  in  H.  leviuscula. 

9.  Since  there  was  no  difference  in  the  righting  time  between  the  somersaulting 
and  folding  over  method  in  L.  acqnalis,  neither  method  would  appear  to  be  more 
advantageous  for  survival  in  nature. 
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and  Marine  Biological  Laboratory,  Woods  Hole,  Massachusetts  02543 

Fish  biologists  have  long  known  that  adult  mackerel  and  tunas  (Scombridae) 
can  be  kept  alive  only  in  tanks  of  a  shape  and  size  that  permit  continuous  swimming 
at  speeds  just  over  1  km -hi"1.  Hall  (1930)  dramatically  demonstrated  the  physio- 
logical basis  for  this  observation  in  1930.  He  found  Atlantic  mackerel,  Scomber 
sconibnts,  slowed  in  swimming  by  towing  erlenmeyer  flasks  could  not  maintain 
normal  blood-oxygen  saturation  values  as  could  unimpeded  fish.  These  results 
and  the  absence  of  visible  ventilation  movements  in  adult  swimming  mackerel 
led  him  to  conclude  that  open-mouth  swimming  (ram  gill  ventilation)  is  routine 
for  this  fish,  and  that  the  ability  to  effectively  ventilate  gills  by  mouth  and  opercular 
pumping  had  been  lost. 

Now  it  is  known  that  other  pelagic  and  mid-water  fishes  can  readily  suspend 
active  breathing  when  on  the  move  at  velocities  about  1.5  knvhr'1  or  higher  and 
also  resort  to  ram  ventilation  of  the  gills  ( Muir  and  Buckley,  1967,  remora ;  Smith, 
Brett  and  Davis,  1967,  sockeye  salmon ;  Roberts,  1970,  1974,  four  marine  spe- 
cies). Yet  these  other  fishes,  unlike  scombrids,  retain  the  ability  to  ventilate  at 
rest  in  the  water  column  or  when  maneuvering  at  slow  speed.  In  other  words, 
the  mackerel-like  fishes  seem  to  have  "outgrown"  the  capacity  of  their  active 
ventilatory  systems  (buccal  and  opercular  pumps)  to  oxygenate  the  blood  as  adults 
so  that  continuous  swimming  becomes  a  survival  necessity. 

Many  factors  tied  to  the  life  styles  evolved  by  different  lines  of  fishes  played 
significant  roles  in  the  development  of  the  ability  to  transfer  from  active  to  ram 
gill  ventilation  when  swimming  speed  picks  up  from  rest  (Hughes,  1960a;  Hughes 
and  Shelton,  1962).  Most  crucial  must  have  been  the  relatively  higher  metabolic 
cost  of  oxygen  uptake  from  water  compared  to  air ;  a  cost  largely  due  to  the  low 
solubility  of  oxygen  and  the  work  of  pumping  water,  a  respiratory  medium  of 
high  viscosity  and  density  (Hughes  and  Roberts,  1970;  Randall.  1970b).  Conse- 
quently, it  seems  decidedly  of  advantage  for  a  good  swimmer  to  switch  from  active 
to  ram  ventilation  as  it  grows  to  a  size  at  which  it  can  routinely  cruise  fast 
enough  to  overcome  gill  flow  resistance,  but  still  ensure  complete  blood  oxygena- 
tion.  This  analysis  substantiates  this  view  with  detailed  and  updated  experi- 
ments. A  brief  resume  of  these  was  reported  earlier  (Roberts,  1970). 

MATERIALS  AND  METHODS 

Experiments  were  completed  with  the  five  species  of  fishes  listed  in  Table  I. 
They  were  obtained  by  trapping  in  Buzzards  Bay  by  the  aquarium  staff.  National 

1  This  investigation  was  supported  by  research  grant,  GB  8022,  from  the  National  Science 
Foundation,  and  by  a  NRC-NOAA  Senior  Research  Associateship  from  the  National  Research 
Council. 
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TABLE  I 

Species  used  to  determine  swimming  velocities  for  conversion 
from  active  to  passive  gill  ventilation 


Species 

N 

Standard  length,  cm 
(range) 

Weight,  g 
(range) 

Experimental  tem- 
perature, °C 

Atlantic  mackerel 

5 

19.1 

71.9 

18.5-22.0 

Scomber  scoinbrus 

(15.8-20.0) 

(43.0-83.3) 

Blue  runner 

7 

19.2 

153.3 

18.5-19.5 

Caranx  crysos 

(17.6-20.5) 

(114-178) 

Bluefish 

11 

19.3 

105.2 

16.0-19.5 

Pomatomus  saltatrix 

(17.5-22.0) 

(62.9-141) 

Northern  scup 

5 

17.2 

102.4 

19.5-20.0 

Stenotomus  crysops 

(14.5-18.5) 

(72.2-115) 

Striped  mullet 

4 

20.5 

101.7 

20.0-20.5 

Mugil  cephalus 

(19.3-21.4) 

(90.6-110) 

Marine  Fisheries  Service,  Woods  Hole,  Massachusetts,  or  by  bait  and  lure  casting 
off  the  stone  jetty  in  Woods  Hole  Harbor.  The  blue-runners,  scup,  and  mullet 
were  young  adults  of  smaller  than  average  size.  The  mackerel  and  bluefish 
juveniles  were  of  a  size  commonly  called  "tinker"  mackerel  and  "snapper  blues." 
Except  for  the  mackerel  that  were  used  soon  after  capture  at  the  capture  tem- 
perature, the  fish  were  kept  in  the  large  holding  tanks  of  the  aquarium  in  running 
sea  water.  To  some  extent,  the  experimental  and  holding  temperatures  were  sea- 
sonally dependent.  Most  of  the  experiments  were  done  during  summer  months 
and  continued  into  late  fall  as  the  sea-water  temperature  at  the  laboratory  intake 
warmed  from  14  to  22°  C  (August)  and  fell  again  to  about  12°  C  (December). 
In  all  cases,  the  experiments  were  done  either  at  the  intake  temperature  or  at 
higher  temperatures  maintained  by  mixing  of  "raw"  intake  water  and  warmed 
sea  water  from  the  large  reservoir  in  the  recirculating  system  of  the  aquarium. 
During  holding  periods  the  fish  were  fed  daily  on  diced  herring  and  soft-shell  clams. 
Since  completion  of  studies  at  Woods  Hole  for  species  listed  in  Table  I,  pre- 
liminary results  to  be  reported  elsewhere  have  been  obtained  using  similar  pro- 
cedures. These  results  are  included  in  Table  III  (Roberts,  unpublished)  and 
in  the  discussion.  The  report  on  the  sand  tiger  shark  given  in  Table  III  was 
based  on  repeated  visual  inspection  of  a  single  specimen  swimming  in  the  large 
display  tank  at  the  aquarium  at  Woods  Hole.  Remarks  on  non-ventilating  rock- 
fish  apply  to  the  blue  rockfish,  Scbastcs  mystinus,  the  olive  rockfish,  Scbastcs 
scrranoidcs,  and  the  bocaccio,  Scbastcs  pancispinis  taken  at  Tanner  Bank  near 
San  Clemente  Island,  California. 

Activity  recording  during  swimming 

Swimming  apparatus.  The  fish  were  made  to  swim  against  a  pump  stream  in 
a  version  of  the  swimming  chamber  tised  by  Sutterlin  (1969)  in  order  to  deter- 
mine critical  swimming  velocities  for  transitions  from  active  to  passive  gill  ven- 
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FIGURE  1.  Diagrammatic  representation  of  the  swimming  tunnel  used.  Design  features 
are  similar  to  those  of  Sutterlin  (1967)  with  the  addition  of  the  air  lift  circulator  for  main- 
taining a  slow  velocity  flow  through  the  tunnel,  and  fitting  around  the  outer  chamber  of  a 
1/4  inch-mesh  galvanized  Faraday  cage.  The  symbols  A  and  B  represent  respectively,  the 
front  ball  spreader  and  flow  screens,  and  the  rear  retainer  screen  (see  text).  Temperature 
control  was  obtained  by  use  of  a  thermoregulator-heater  located  in  the  outer  bath  and  operated 
at  a  set  point  higher  than  the  entering  sea  water  (.«£/). 


tilation  (Fig.  1).  The  centrifugal  pump  (neoprene  body  and  impeller)  of 
hp  produced  flow  velocities  up  to  90  cm-  sec"1  in  the  plexiglas  swimming  tube 
(78.5  mm  ID)  by  control  of  a  PVC  ball-valve  located  between  the  pump  outlet 
and  the  pitot  flow  meter.  Microturbulent  flow  and  a  uniform  front  were  main- 
tained by  a  ball  "spreader"  and  three,  16-mesh  stainless-steel  screens  at  the  front 
of  the  swimming  tube.  The  rear  end  of  the  tube  was  fitted  with  a  coarser  screen 
of  6-mesh  to  confine  the  fish  within  the  tube  and  to  permit  free  movement  of  the 
electrode  cable  trailing  from  the  fish  as  it  changed  its  position  in  response  to 
changes  in  flow  velocity. 

Calibration  of  flow  velocity.  The  pitot  flow-meter  was  calibrated  indirectly 
because  the  flow  relationships  between  the  inflow  tube  from  the  pump  and  the 
swimming  chamber  proved  to  be  non-linear  largely  due  to  back-pressure  effects 
of  the  spreader  ball  and  the  three  front  screens.  Two  methods  were  used  that 
gave  similar  flow  rates  for  given  deflections  of  the  mercury  manometer  (tubing 
spaces,  water  filled).  For  the  first  method,  slugs  of  methylene  blue  dye  injected 
into  the  pump  intake  were  timed  as  they  passed  between  the  last  flow-control 
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screen  at  the  front,  and  the  rear  screen  of  the  swimming  tube.  The  second  method 
(Sutterlin,  1969)  was  used  with  the  bath  filled  with  fresli  water  and  depended 
upon  timing  conductance  changes  in  the  stream  flow  between  the  electrode  pairs 
located  in  the  walls  of  the  swimming  tube,  front  and  rear,  as  small  amounts  of 
saturated  KG.  injected  into  the  pump  intake,  passed  the  electrodes.  Corrections 
for  fish  displacement  were  not  made  for  the  cross-sectional  area  of  the  fish  seldom 
exceeded  1/10  of  the  swimming  tube. 

Electrode  placement  and  activity  waveforms.  Each  fish  was  anesthetized  in 
MS  222  solution  (0.1  g-h1  )  for  insertion  of  electrode  pairs  for  recording  wave- 
forms of  muscle  action  potentials  related  to  respiratory  and  cardiac  cycles  (Roberts, 
1964;  Sutterlin,  1969;  Spoor,  Neiheisel  and  Drummond,  1971).  Electrode  pairs 
were  made  up  of  lapwound,  1-m  lengths  of  45  gauge,  insulated  stainless-steel  wire 
(  Johnson,  Matthey  and  Co.,  Ltd.,  England,  annealed,  epoxy  coated)  with  bared 
and  hooked  tips  threaded  through  22  gauge  syringe  needles.  These  were  in- 
serted, one  pair  into  the  pericardial  space,  and  the  other  into  one  of  the  ventilatory 
muscles,  usually  the  adductor  inandibnlaris.  The  needles  were  withdrawn  after 
electrode  placement,  and  the  wires  secured  by  skin  ties  at  the  insertion  site  and 
again  at  the  anal  opening.  In  this  way,  looping  of  the  formed  cable  around  the 
tail  and  tangling  was  minimized  after  recovery  of  the  fish  in  the  swimming  tube. 
When  tail-beat  frequencies  were  to  be  recorded  (e.g.,  mullet),  //m-metal  bands 
(high  magnetic  permeability)  were  wrapped  around  the  caudal  peduncle  for 
proximity  detection  of  lateral  tail  movements.  A  detector  coil  with  permanent 
field  magnets  was  fitted  around  the  outside  of  the  swimming  tube  for  this  purpose. 
It  was  made  up  by  winding  38  gauge  enameled  magnet  wire  around  a  coil  form 
incorporating  eight  Alnico  bar  magnets  (6  mm  by  48  mm  long,  spaced  20  mm  : 
4  each  side).  The  magnets  were  oriented  parallel  to  the  tube  axis  with  like 
polarity  (north  to  north)  011  each  side,  but  opposite  in  polarity  between  the  two 
sides,  in  order  to  maximize  the  horizontal  magnetic  flux  density  across  the  tube. 
The  finished  coil  form  was  potted  in  epoxy  resin  to  form  a  loose  fitting,  short 
cylinder.  The  lead  cable  incorporated  a  two-stage  RC  filter  to  reduce  60  cycle 
interference.  Distortion  of  the  field  by  the  moving  tail  band  of  /////-metal  gen- 
erated an  AC  signal  at  the  tail-beat  frequency  adequate  for  polygraph  recording 
at  a  gain  level  of  10  to  50  /xY-mnr1. 

Usually  it  was  possible  to  record  waveform  of  both  cardiac  and  ventilatory 
cycles  on  a  single  channel  of  the  R-series  Dynographs  used  (Beckman  Instru- 
ments, Inc.).  This  was  done  by  trial-and-error  combination  of  the  four  electrode 
leads  in  the  trailing  cable,  and  by  appropriate  adjustments  of  the  band-pass  filters 
on  the  input  couplers  of  the  polygraph.  When  clear  differentiation  of  the  two 
waveforms  was  not  possible  on  one  channel,  or  when  tail-beat  frequencies  were 
desired,  two  recording  channels  were  used  (e.g..  Fig.  4,  mackerel  and  mullet). 
Usually,  the  high  frequency  components  of  the  EMG  (electromyogram  )  signals 
were  suppressed  by  band-pass  control  so  that  only  the  slow  wave  part  of  the 
signal  was  displayed  by  the  pen  writer.  This  was  done  usually  to  enable  differ- 
entiation of  ECG  (electrocardiogram)  and  EM(i  waveforms  on  a  single  record 
channel. 
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Training  and  experimental  procedures 


One  to  several  hours  allowed  recovery  from  anesthesia  once  the  fish  were  put 
into  the  swimming  tube  with  the  air-lift  circulation  on.  Additional  time  was 
required  to  train  fish  to  swim  steadily  in  the  pump  stream  flow  as  velocities  were 
changed.  The  most  effective  training  method  was  to  just  slightly  open  the  control 
valve  with  the  pump  running  so  that  the  fish  drifted  to  the  rear  screen.  \Yithin 
5  to  10  minutes,  the  fish  would  begin  slow  swimming  to  avoid  tail  flexion  against 
the  screen.  Flow  velocity  was  then  slowly  increased  until  the  fish  again  stopped 
or  began  dart  swimming  or  thrashing.  \Yhen  this  happened,  the  pump  was  shut 
off  and  the  animal  given  a  brief  rest  lasting  5  to  10  minutes  before  another  train- 
ing period.  Training  was  considered  complete  when  the  animal  would  maintain 
a  relatively  fixed  position  between  front  and  back  screens  as  the  control  valve 
was  turned  from  off  to  full  on  and  the  reverse. 

Once  a  fish  was  trained  to  sustain  swimming  over  the  complete  velocity  range 
of  the  apparatus,  a  routine  procedure  was  followed.  A  rest  period  of  about  10 
minutes  was  allowed  after  each  swimming  bout.  Transition  velocities  for  ram 
ventilation  were  established  in  most  cases  by  four  swimming  periods.  The  pump 
was  turned  on  after  a  rest  period  and  the  control  valve  opened  in  stages  to  give 
flow  velocities  that  approximated  step  increases  of  5  to  10  cm -sec*1  flow  velocity 
(manometer  pressure  equivalent)  until  the  velocity  maximum  for  the  pump  was 
reached.  Sufficient  time  was  allowed  at  each  step  to  allow  the  manometer  to 
stabilize  and  to  obtain  a  15  second  polygraph  record  of  cardiac  and  opercular 
cycles.  The  entire  range  of  possible  flow  velocities  with  the  fish  swimming  was 
covered  in  this  way  in  about  10  minutes.  Following  the  rest  period,  the  sequence 
was  repeated  in  reverse  order.  The  reverse  sequence  was  begun  with  the  pump 
full  on  and  then  followed  by  step-wise  reductions  in  pump  flow  until  the  pump 
was  fully  throttled,  and  the  fish  again  at  rest.  One  repeat  usually  sufficed  unless 
excessive  electronic  noise  or  weak  muscle  signals  made  derivation  of  event  rates 
from  the  polygraph  record  difficult. 

RESULTS 
Ram  ventilation 

Critical  swimming  velocity.  The  transition  to  ram  gill  ventilation  in  fish  is  a 
graded  process  as  swimming  picks  up  from  rest.  The  first  indication  that  a 
critical  swimming  speed  has  been  reached  is  signalled  by  the  drop-out  of  single 
cycles.  The  drop-out  continues  until  only  occasional  ventilatory  movements  and 
"coughs"  are  noticed.  A  graded  series  just  following  the  training  period  for  a 
bluefish  is  illustrated  in  Figure  2.  Return  of  active  movements  with  gradual 
reductions  in  swimming  velocity  to  below  critical  shows  nearly  the  same  sequence, 
but  in  reverse  order.  General'ly,  subsequent  swimming  bouts  with  this  and  the 
other  ram-ventilating  species  showed  some  decrease  in  the  velocity  critical  for 
the  transition  to  ram  ventilation.  In  fact,  transition  speeds  of  experienced  fish 
may  fall  to  less  than  half  that  observed  in  initial  tests  so  that  switch-over  to  ram 
ventilation  can  occur  at  a  surprisingly  slow  swimming  speed.  This  contrast  is 
best  noted  by  comparison  of  the  bluefish  swimming  bout  given  as  Figure  2  and 
the  transition  range  for  all  bluefish  tested  summarized  in  Table  TI. 
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FIGURE  2.  A  combined  sequence  of  EMG  slow-wave  components  recorded  from  the  ad- 
ductor inandihularis  muscle  (left  side)  and  the  ECG  of  a  bluefish  during  acceleration  to  and 
above  a  swimming  speed  sufficient  to  support  ram  gill  ventilation.  The  time  marks  in  this 
and  subsequent  figures  denote  1-second  intervals. 

Although  patterns  for  conversion  to  ram  gill  ventilation  of  different  fish  are 
similar,  there  does  seem  to  he  great  variation  between  individuals  in  their  be- 
havioral selection  of  swimming  velocities  for  switching  ventilation  modes.  Figure 
3  shows  conversion  patterns  for  each  of  the  five  mackerel  used  in  the  study  (see 
also  Heath,  1973).  Clearly,  the  transition  can  be  gradual  or  abrupt,  and  with 
or  without  a  marked  increase  in  the  frequency  of  active  respiratory  movements 
prior  to  adoption  of  the  ram  mode. 
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TABLE  1 1 

Mean  values  and  ranges  for  opercular  (O)  and  cardiac  (C)  rate  changes 
in  resting  and  active  marine  fishes 


Species  (N) 

Aquarium 
display 
cpm 

Resting 
rate  swim- 
ming tube 
cpm 

Active  rate 
at  transi- 
tion veloc- 
ity cpm 

Active  rate 
at  90  cm 
•see"1 

%  change  from  rest 

Swimming 
speed  at 
transition 
cm  -sec"1 

At  trans- 
ition 

At  90cm 
•sec-' 

Mackerel  (5)               O 



124 

134 

— 

8 

— 

(110-140) 

(125-175) 

67 

C 

— 

100 

121 

126 

21 

26 

(53-75) 

(  72-133) 

(  89-140) 

(  98-140) 

Blue  runner  (7)          O 

_ 

80 

119 

— 

49 

— 

(  52-105) 

(  90-135) 

48 

C 

— 

43 

62 

72 

44 

67 

(35-75) 

(  26-  62) 

(  50-  92) 

(57-105) 

Bluefish  (11)               O 

77 

99 

138 

— 

39 

— 

(SD.  ±13) 

(  65-145) 

(105-185) 

69 

C 

83 

113 

117 

36 

41 

(49-82) 

(  52-115) 

(  92-160) 

(  98-160) 

Northern  scup  (5)     O 

51 

148 

196 

— 

32 

— 

(SD,  ±10) 

(120-180) 

(175-200) 

66 

C 

81 

142 

146 

75 

80 

(44-79) 

(  54-105) 

(  80-150) 

(130-160) 

Mullet  (4)                   O 



148 

— 

201 

— 

36 

(113-180) 

(130-232) 

— 

C 

— 

104 

— 

124 

— 

\<> 

(  88-120) 

(112-132) 

Conversions  to  ram  ventilation,  the  mullet  excepted,  were  completed  at  veloc- 
ities under  90  cm -sec"1  by  all  the  fish  tested.  This  is  a  swimming-speed  equival- 
ent of  2.7  to  4.7  BL-sec'1  (body  lengths  per  second)  according  to  the  size  of 
the  mackerel  used  (Figs.  3  and  4).  This  range  does  not  substantially  exceed 
the  open-sea  cruising  speed  expected  for  mackerel  of  this  size  or  roughly  2 
BL-sec-1,  as  based  on  Magnuson's  estimates  for  speed  minimums  required  to 
maintain  hydrostatic  equilibrium  (1970).  Table  II  gives  similar  ranges  and 
mean  values  for  complete  adoption  of  ram  ventilation  by  all  of  the  species  groups 
studied. 

Individuals  of  all  species  tested  occasionally  stopped  swimming  at  flow  veloc- 
ities that  were  above  critical  and  drifted  to  the  rear  screen  of  the  chamber.  \Yhen 
this  happened,  ventilation  movements  most  often  reappeared  immediately  and 
continued  until  swimming  was  resumed.  Two  of  the  blue  runners  continued  ram 
ventilation  in  several  swimming  bouts  after  drifting  back  to  the  rear  screen.  This 
unusual  tactic  was  not  observed  in  swimming  bouts  with  the  other  marine  species. 
Note  also  (Table  II)  that  the  average  transition  velocity  for  blue  runners  seem> 
to  be  lower  than  for  the  other  ram  ventilators.  A  notable  exception  to  be  con- 
sidered later,  is  the  remora  which  ram  ventilates  attached  to  its  swimming  host, 
but  only  above  velocities  of  about  1  km  (Muir  and  Buckley,  1967). 

None  of  the  mullet  showed  signs  of  even  partial  conversion  to  ram  ventilation 
during  enforced  swimming,  despite  the  fact  that  they  trained  readily  to  steady 
swimming  in  the  apparatus.  These  fish  appeared  to  be  in  excellent  health,  but 
had  all  been  captured  and  held  in  the  aquarium  at  \Yoods  Hole  about  1  month 
prior  to  their  use.  All  survived  the  swimming  bouts  for  at  least  a  month  after 
electrode  removal  in  one  of  the  holding  tanks.  Figure  4  includes  a  typical  record 
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FIGURE  3.  Active  gill  ventilation  rates  of  five  Atlantic  mackerel  (see  Tables  I  and  II) 
relative  to  enforced  swimming  speed.  Rates  were  determined  by  counting  all  cyclic  ventilatory 
movements  that  appeared  on  30-second  strips  of  polygraph  record. 


with  a  simultaneous  display  of  tail  beats  obtained  by  proximity  detection  as  the 
pump  flow  was  valved  from  off  to  full-on  to  induce  swimming  at  85  to  90  cm -sec"1. 
The  records  shown  for  the  other  species  were  obtained  in  a  similar  way  by  rapid 
valving  of  the  pump  output  to  produce  swimming  at  speeds  below  and  above 
the  active  to  passive  transitions  in  ventilation. 

Transition  characteristics.  Figure  4  also  demonstrates  that  timing  differences 
are  consistent  between  the  onset  of  ram  ventilation  and  return  to  active  ventilation 
when  swimming  speeds  are  abruptly  increased  or  decreased  by  manipulation  of 
the  pump  flow.  The  return  to  active  ventilation  by  most  of  the  fish  used  generally 
was  found  to  require  less  time  than  switching  to  the  ram  mode.  Figure  5  con- 
trasts in  that  conversions  between  ventilatory  modes  by  this  bluefish  proved  to 
be  nearly  equal  in  timing.  The  second,  early  return  to  active  ventilation  (Fig. 
5,  down  arrow)  most  likely  represents  a  single  movement,  seen  to  occur  normally 
in  some  swimming  bouts  (Fig.  2,  91  cm -sec"1).  Allowing  for  the  chance  occur- 
rence of  single  respiratory  movements  and  possible  operational  errors,  a  great 
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FIGURE  4.  Active  to  passive  transitions  in  gill  ventilation  of  five  marine  species  from 
rest  to  swimming  just  above  transition  velocities  following  turn-on  (arrow  up)  and  turn-off 
(arrow  down)  of  the  pump.  The  lower  trace  for  the  Atlantic  mackerel  is  shown  for  clarity 
in  separation  of  cardiac  and  ventilatory  events.  The  lower  record  for  the  striped  mullet 
represents  tail-beat  frequency  recorded  by  proximity  detection  of  the  movement  of  jm<-metal 
bands  around  the  caudal  fin  peduncle.  Changes  in  heart  rates  are  slight  due  to  the  lack  of 
rest  periods  prior  to  these  sequences. 
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FIGURE  5.  Repeated  sequences  of  pump  valving  to  vary  swimming  speeds  of  a  bluefish 
from  just  above  to  just  below  velocities  for  conversion  between  active  and  passive  modes  of 
gill  ventilation.  Up  and  down  arrows  indicate  respectively,  decreasing  and  increasing  pump 
flow. 

number  of  switching-time  measurements  indicate  that  all  of  the  ram  ventilators 
can  initiate  active  ventilation  in  as  short  a  period  as  0.2  second  following  sudden 
drops  in  the  speed  of  water  flow  to  below  critical  swimming  rates  for  ram  ventilation. 
Usually  the  transition  to  the  ram  mode  was  marked  by  completion  of  at  least 
one  complete  ventilatory  cycle  before  actual  ram  gill  ventilation  began.  Strong 
"coughs"  were  sometimes  seen,  both  at  the  onset  of  ram  ventilation,  and  pre- 
ceding the  return  of  rhythmic  breathing,  as  swimming  velocities  were  made  to 
change  above  and  below  critical  speeds  for  switching  between  modes.  In  other 
respects,  the  pattern  of  single  ventilatory  movements  shows  little  change  in  am- 
plitude or  timing  as  swimming  begins  and  the  supression  of  individual  cycles 
occur  with  ram  gill  ventilation  (Fig.  2). 

Frequency  changes — branchial  and  cardiac  piinips 

Gill  ventilation  rates  of  wired  fish  recorded  before  and  after  swimming  bouts 
(30  minutes  rest)  all  greatly  exceed  rates  determined  for  inactive,  undisturbed 
fish.  For  example,  Table  II  lists  rates  for  experimental  bluefish  and  scup  as 
well  as  rates  for  display  fish  at  the  aquarium  at  Woods  Hole.  The  latter  were 
recorded  at  9  a.m.  before  public  open  hours  (Logan  and  Roberts,  unpublished  ob- 
servations; Roberts,  1974).  Large  differences  such  as  these  can  be  expected 
because  handling  fish  elevates  their  metabolism  and  excitability  for  prolonged  pe- 
riods (Roberts,  1964;  Muir  and  Buckley,  1967;  Sutterlin,  1969;  Spoor,  Neiheisel 
and  Drummond,  1971').  The  same  can  be  said  for  heart-beat  rates  although  these 
were  not  recorded  along  with  opercular  frequencies  of  the  display  bluefish  and  scup. 

Table   II   also  shows  that   heart  and   ventilatory   rates   increase   proportionally 
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with  swimming  velocity,  although  variability  is  large.  Beyond  the  transition 
speed  for  conversion  to  ram  ventilation,  heart  rates  of  all  species  increased  with 
further  increase  in  swimming  speed.  No  obvious  cardiac  rate  changes  or  altera- 
tions in  ECG  patterns  were  found  associated  with  conversions  between  active  and 
passive  gill  ventilation  (Figs.  2,  4,  and  5).  Even  at  the  higher  swimming  veloc- 
ities, visual  stimuli  (shadows,  movements  of  the  operator)  produced  the  well-known 
reflex  bradycardia  (Labat,  1966;  Randall,  1970a;  Roberts,  1973).  Therefore, 
considerable  reserve  accommodation  in  cardiac  function  remains  at  moderate  swim- 
ming velocities,  and  at  speeds  higher  than  necessary  to  support  ram  ventilation. 

DISCUSSION 

In  a  sense  it  is  surprising  that  the  use  of  ram  gill  ventilation  is  widespread 
among  fishes  other  than  those  known  to  be  high-speed  or  continuous  swimmers 
of  open-water  habit.  Yet,  if  the  supposition  is  correct  that  ventilatory  efficiency 
improves  with  conversion  from  active  to  passive  ventilation  once  swimming  veloc- 
ity reaches  1.5  km  sec^1  (Brown  and  Muir,  1970)  the  advantage  of  conversion 
between  stops  for  feeding  or  other  fish  activity  becomes  more  obvious  (Roberts, 
1974). 

There  is  a  proviso,  however.  That  is,  successful  ram  ventilation  seems  to  re- 
quire that  a  fish  be  above  a  certain  size  so  its  normal  cruising  speed  exceeds  the 
velocity  minimum  for  support  of  the  passive  ventilation  mode.  For  example,  it 
was  mentioned  above  that  scombrids  have  outgrown  the  capacity  of  their  active 
branchial  pump  system  so  adult  survival  is  dependent  upon  continuous  swimming 
for  a  variety  of  reasons  (Hall,  1930;  Brown  and  Muir,  1970;  Magnuson,  1970, 
1973).  Apparently  the  Atlantic  mackerel,  and  most  scombrids  as  well,  lose  the 
ability  to  ventilate  the  gills  by  rhythmic  breathing  as  an  ontogenetic  development. 
Captive  juvenile  Atlantic  mackerel  ranging  in  body  size  from  2  to  12  cm  actively 
ventilate  their  gills  and  often  "stand  dead  in  the  water"  (personal  observations, 
aquarium,  Woods  Hole).  Most  likely,  fish  this  small  simply  are  not  able  to  swim 
continuously  at  speeds  fast  enough  to  sustain  ram  ventilation. 

Table  III  lists  species  known  to  utilize  ram  ventilation.  It  includes  only  two 
species  from  among  the  sharks  and  omits  many  probable  ram  ventilators  from 
both  major  classes  of  fish  only  for  the  reason  that  many  reports  lack  reasonable 
substantiation.  The  list  is  based  upon  careful  visual,  physiological  and  cinema- 
photographic  monitoring.  Brief  comments  on  habitats  were  abstracted  from  the 
monographs  of  Bigelow  and  Schroeder  (1953)  and  Miller  and  Lea  (1972)  for 
the  coastal  marine  fishes  of  the  Atlantic  northeast  and  California,  respectively. 
Common  names  and  ordering  of  the  families  and  species  have  followed  the  recom- 
mendations of  the  Committee  on  Names  of  Fishes,  American  Fisheries  Society 
(1970). 

Just  as  important  is  the  fact  that  some  fish  do  not  ram  ventilate  at  all.  The 
mullet  is  a  curious  exception  for  it  is  an  inshore,  near  surface  high-speed  swimmer. 
It  has  an  unusually  small  mouth  and  feeds  mostly  on  plankton  and  algae.  Per- 
haps the  mullet's  active  respiratory  mode  is  somehow  linked  with  its  feeding  style 
during  swimming. 

Demersal  fish,  notably  those  equipped  with  large  branchiostegal  baskets  (see 
McAllister,  1968)  probably  do  not  convert  to  passive  gill  ventilation  at  any  swim- 
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TABLE  lit 
Rain  ventilating  fish 


Species  and  systematic  position 

Habitat 

Method 

Source 

Chondrichthycs 

Odontaspididae 

Odontaspis  taunts 

subtidal,  beaches 

visual  count, 

Roberts      (unpub- 

(sand tiger) 

and  bays 

aquarium 

lished)    von    \Yah- 

lert  (1964) 

Carcharhinidae 

Triakis  semifascint/i 

subtidal,  beaches 

cinema  photog- 

Hughes (1960) 

(leopard  shark) 

and  bays 

raphy,  aquarium 

Osteichthyes 

Salmonidae 

Onchorhynchus  nerka 

pelagic  and  mid- 

branchial  pressures 

Smith  el  al  (1967) 

(sockeye  salmon  ) 

water,  anadrom- 

ous 

Sal  mo  gairdncri 

fresh  waters  and 

electromyograms 

Roberts  (unpub- 

(rainbow trout) 

anadromous 

lished) 

Percichthyidae 

Morone  saxatilis 

near  shore  pelagic 

electron!  yograms 

Roberts  (this  paper) 

(striped  ba») 

and  fresh  waters, 

anadromous 

Echeneidae 

Remora  remora 

open  ocean,  surface 

cinema  photog- 

Muir    and     Bucklev 

(remora) 

to  mid-water 

graphy,  water 

(1967) 

tunnel 

Pomatomidae 

Pomatomus  sa/tatrix 

near  shore  and  bays, 

electromyograms 

Roberts  (this  paper) 

(bluefish) 

pelagic  to  mid- 

water 

Carangidae 

Caranx  crysos 

near  shore  and  bays, 

electromyograms 

Roberts  (this  paper) 

(blue  runner) 

pelagic  to  mid- 

water 

Trachurus  symmetric  us 

near  shore  to  open 

electromyograms 

Roberts  (unpub- 

(jack mackerel  ) 

ocean,  pelagic  to 

lished) 

mid-water 

Sparidae 

Stenotomus  chrvsops 

demersal  to  mid- 

electromyograms 

Roberts  (this  paper) 

(scup) 

water 

Kyphosidae 

Afedialuna  californiensis 

mid-water,  kelp  beds 

electromyograms 

Roberts  (unpub- 

(halfmoon) 

lished) 

Scombridae 

Katsuwonns  pelamis 

pelagic,  open  ocean 

cinema  photog- 

Brown and  Muir 

(skipjack  tuna) 

raphy  (NMFS, 

(1970) 

Honolulu) 

Scomber  japonic  us 

near  shore,  pelagic 

electromyograms 

Roberts  (unpub- 

( Pacific  mackerel) 

lished) 

Scomber  scombrus 

near  shore,  pelagic 

electromyograms 

Roberts  (this  paper) 

(Atlantic  mackerel) 
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niing  velocity.  Their  respiratory  apparatus  is  well  designed  for  respiration  in 
standing  water  and  functionally,  the  opercular  pump  dominates.  About  90%  of 
the  respiratory  cycle  at  rest  is  spent  in  slow  opercular  aspiration  of  water  through 
the  gills  with  the  mouth  open  (Hughes.  1960a;  Hughes  and  Roberts,  1969; 
Roberts,  1974).  Consequently,  respiration  rates  of  these  fish  usually  are  con- 
siderably lower  than  their  cardiac  rates  (  Hughes,  personal  communication  ;  Roberts, 
1974).  In  fact,  comparison  of  resting  ventilation  and  cardiac  frequencies  serves 
as  a  "rule  of  thumb"  to  differentiate  between  fish  that  depend  primarily  upon 
the  action  of  the  opercular  pump  and  fish  in  which  branchial  ventilation  is  equally 
shared  by  the  buccal  and  opercular  pumps.  For  these,  rate  ratios  of  about  one 
can  be  expected.  The  latter  pattern  for  propelling  water  across  the  gills  generally 
prevails  among  fast  swimmers  of  mid-water  and  pelagic  habits.  The  fast  swim- 
mers usually  are  good  ram  ventilators  as  well. 

For  an  example,  the  family  Scorpaenidae  can  be  cited.  The  family  includes 
two  major  groups,  the  scorpionfish  and  the  rockfish,  Scbastcs.  All  have  well- 
developed  branchiostegal  rays  and  membranes.  A  number  of  the  rockfish  have 
evolved  away  from  a  strictly  demersal  existence.  Some  closely  resemble  the  sea 
basses  (Serranidae)  of  the  genus  Paralabra.r  in  body  form,  development  of  the 
branchiostegal  system  and  habits.  Xone  of  these  fish  types  so  far  examined  ram 
ventilate  (P.  dathratus;  S.  inysfhius,  scrranoidcs,  paucispinis') .  Yet,  with  the 
exception  of  the  blue  rockfish,  S.  iiiystinus.  all  trained  rapidly  to  enforced  swim- 
ming at  speeds  well  above  the  requirement  for  sustained  ram  ventilation. 

Another  fish,  the  anadromous  striped  bass,  Morotic  sa.vatilis  (Percichthyidae), 
sometimes  included  with  the  Serranidae  (Miller  and  Lea,  1972),  seems  ready  to 
adopt  the  ram  mode  of  gill  ventilation  at  a  swimming  speed  of  about  50  cm -sec"1. 
Only  a  single  specimen  was  tested  (total  length,  46  cm).  Unlike  the  serranids, 
however,  the  branchiostegals  of  the  striped  bass  are  much  reduced  and  the  cardiac- 
ventilatory  rate  ratio  is  about  one. 

Just  as  extensive  development  of  the  branchiostegal  system  facilitates  respira- 
tion in  quiet  water,  this  development  probably  sets  a  limit  to  the  speed  at  which 
fish  can  cruise  routinely  and  still  ensure  reasonable  energy  expenditures  for  gill 
ventilation.  Structural  stability  of  the  lightly-build  branchiostegal  rays  and  mem- 
branes, and  the  drag  resistance  they  present  when  laterally  expanded  during 
swimming  are  important  considerations.  But  as  yet.  no  detailed  hydrodynamic 
analyses  exist  to  describe  the  array  of  niche  compromises  made  during  the  evolu- 
tion of  modern  fishes  to  meet  the  joint  needs  of  respiratory  gas  exchange,  and 
swimming  for  prey  capture,  migration,  and  reproduction. 

Experimental  verification  that  many  swimming  fish  ram  ventilate  has  been 
a  relatively  simple  task.  Providing  the  answers  to  why  and  how  ram  gill  ventila- 
tion occurs  has  been  more  difficult.  Of  the  two  questions,  the  answer  to  why  is 
the  hardest  to  supply  in  satisfactory  form  at  the  present  stage  of  investigations  on 
fish  energetics.  A  large  part  of  the  problem  rests  with  assessing  the  efficiency 
of  gill  ventilation  in  swimming  fish  and  hence,  the  work  load  of  ventilation  with 
respect  to  total  body  metabolism  (see  also  Jones,  1971). 

Estimates  of  energetic  costs  of  active  gill  ventilation  versus  total  metabolism 
in  resting  fish  range  from  a  low  of  0.5%  (Alexander,  1970)  to  as  high  as  43% 
(Schumann  and  Piiper,  1966).  Jones  calculations  for  a  trout  model  (1971), 
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reveal  a  theoretical  cost  as  small  as  \%,  despite  assumption  of  a  low  resting 
efficiency  for  the  operation  of  the  branchial  musculature  in  propelling  water 
through  the  gills  (3  to  4%  efficiency).  Intermediate  cost  estimates  of  10% 
(Hughes,  1973)  and  5  to  15%  (Cameron  and  Cech,  1970)  also  have  been  sug- 
gested. However,  the  general  accuracy  of  these  estimates  as  applied  to  rhythmic 
gill  ventilation  is  doubtful  due  to  the  complex  hydrodynamic  integration  of  chang- 
ing flow  rates  and  pressure  profiles  that  occurs  during  single  respiratory  cycles 
(Hughes  and  Saunders,  1970;  Ballintijn,  1972).  The  critical  factors  of  environ- 
mental temperature  and  oxygen  availability  also  must  be  considered  for  both  exert 
strong  influences  upon  ventilatory  stroke  volume,  coupling  of  the  branchial  pumps, 
and  hence  upon  respiratory  efficiency  (Hughes  and  Roberts,  1970;  Hughes  and 
Saunders,  1970;  Heath  and  Hughes,  1973). 

Respiratory  energetics  of  sluggish  demersal  species  that  have  elaborate  branchi- 
ostegal  systems  scarcely  are  comparable  with  the  energetics  of  pelagic,  high-speed 
swimmers  which  have  only  remnants  of  branchiostegal  rays  and  membranes.  The 
energy  cost  of  active  ventilation  for  a  bottom-living  fish  probably  is  high,  but 
affordable.  They  often  are  opportunistic  predators  that  swim  in  short  darts  to 
seize  prey  or  swim  slowly  to  feed  on  other  sluggish  bottom  species.  Midwater 
and  pelagic  fish  contrast  for  they  usually  depend  upon  chasing  down  active  prey 
or  upon  planktonic  gathering  and  are  more  or  less  continuous  swimmers.  Their 
metabolic  costs  for  gill  ventilation  also  may  be  high  during  brief  pauses  in  swim- 
ming, but  the  cost  probably  does  not  increase  proportionately  with  total  metabolism 
during  swimming  up  to  ram-ventilating  speeds.  The  reason  is  that  when  a  fish 
begins  to  swim,  its  forward  motion  causes  pressure  to  rise  at  the  mouth,  partially 
relieving  power  requirements  for  the  buccal  fore-pump  (Hughes,  1960a;  Hughes 
and  Shelton,  1962;  Cameron  and  Cech,  1970).  Opercular  aspiration  also  may 
be  facilitated  by  the  venturi  effect  as  water  streaming  along  the  body  passes  the 
gill-cover  margins  in  spite  of  some  drag  losses  due  to  cyclic  abductions  of  the 
opercular  doors  (also  see  Brown  and  Muir,  1970). 

Further  acceleration  to  a  ram  speed  results  in  a  graded  transfer  of  the  metabolic 
cost  of  rhythmic  ventilatory  movements  to  the  drag  forces  of  swimming  (Brown 
and  Muir,  1970).  Some  lesser  amount  of  energy  must  be  reserved  for  tonic  hold- 
ing of  the  mouth  gape  and  the  opercular  exit  slots  to  sizes  suitable  for  respiratory 
needs  once  the  conversion  to  ram  gill  ventilation  is  complete.  Thus,  the  switch- 
over from  active  to  passive  gill  ventilation  is  a  tactic  that  probably  saves  con- 
siderable energy.  However,  not  all  of  the  savings  result  simply  from  the  transfer 
of  respiratory  work  from  one  set  of  muscles  to  another.  Loss  in  locomotory  effi- 
ciency is  also  a  probable  consequence  of  rhythmic  gill  ventilation,  especially  at 
high  speeds.  For  example,  cyclic  variations  occur  in  the  cross-sectional  area  of 
the  head  as  the  opercular  doors  open  and  close.  Changes  in  mouth  gape  also 
occur  with  operation  of  the  buccal  phase  of  branchial  pumping.  Such  drag  os- 
cillations are  likely  as  well  to  generate  periodic  turbulence,  adding  still  further  to 
the  work  load  of  swimming.  Little  is  known  about  these  factors  and  their  effects 
on  swimming.  But,  the  available  evidence  shows  that  the  events  of  gill  ventila- 
tion and  of  swimming  must  be  tightly  coupled  by  unavoidable  hydrodynamic  inter- 
actions. The  same  should  be  true  of  their  relative  metabolic  efficiencies.. 
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Only  a  single  study  has  been  directed  toward  assessment  of  the  work  load 
during  ram  gill  ventilation.  Brown  and  Muir  (1970)  have  calculated  the  ventila- 
tion drag-resistance  of  a  44-cm  skipjack  tuna  (K.  pelainis)  swimming  at  a  basal 
speed  of  66  cm -sec"1  to  be  about  7%  of  the  total  body  drag.  Translation  of  the 
drag  forces  into  metabolic  expenditures  for  swimming  and  other  functions,  has 
led  them  to  estimate  the  cost  of  ram  ventilation  for  a  tuna  swimming  at  basal 
speed  to  range  from  1  to  3%  of  total  metabolism — a  cost  much  lower  than  most 
prior  estimates  for  active  ventilation  in  non-swimming  fish. 

Aside  from  the  fact  that  ram  gill  ventilation  is  used  by  most  active  fish  that 
have  been  tested  (Table  III),  one  unusual  example  also  attests  to  the  efficacy  of 
the  ram  mode.  The  small  shark  sucker  (R.  rcmora)  normally  is  a  sluggish 
swimmer  that  uses  active  ventilation.  Yet  when  this  fish  attaches  to  a  passing 
shark  or  other  large  swimming  host,  it  too  can  adopt  the  ram  mode  when  the  host 
reaches  the  requisite  speed.  In  a  sense,  they  gain  a  "free  ride"  by  transferring 
the  work  load  of  gill  ventilation  to  their  hosts.  But,  they  seem  to  do  it  by  using 
neural  adaptations  for  ram  ventilation  that  most  likely  are  ancestral  to  the  adap- 
tations which  permit  their  form  of  locomotory  and  feeding  commensalism  (Table 
III).  Muir  and  Buckley  (1967)  have  found  that  remoras  placed  in  a  water 
tunnel  would  attach  to  the  wall  as  flow  velocities  through  the  tunnel  reached  20 
to  30  cm  •  sec"1.  Switch-over  from  active  to  passive  gill  ventilation  was  found  to 
range  from  50  to  80  cm -sec'1.  This  is  a  range  remarkably  similar  to  the  transi- 
tion velocities  reported  here  for  other  marine  species  (Table  II). 

The  work  expended  by  a  species  in  ventilating  its  gills  between  a  dead  stop 
and  a  burst  of  maximal  swimming  must  represent  a  compromise  with  costs  of 
other  activities  as  defined  by  its  niche  and  physical  factors  in  its  habitat.  Ulti- 
mately, as  Brett  has  shown  (1964)  for  the  sockeye  salmon  (0.  ncrka),  the 
maximal  sustainable  swimming  speed  of  a  fish  will  be  limited  by  the  cost  of  gill 
ventilation,  and  its  ability  to  manage  an  oxygen  debt,  combined  with  the  costs  of 
cardiac  pumping  as  Jones  suggests  (1971).  This  means  that  routine  levels  of 
activity  in  swimming,  feeding,  and  ventilating  the  gills  will  represent  partitioning 
of  energy  available  for  these  functions  according  to  a  fish's  life  style  whether  it 
is  benthic  or  pelagic,  and  whether  it  is  a  sluggish  swimmer  or  a  very  active  one. 
If  Jones'  (1971)  and  Brown  and  Muir's  (1970)  attempts  to  model  ventilatory 
energetics  are  reasonable,  the  costs  of  gill  ventilation  for  active  fish  that  ram  ven- 
tilate may  remain  as  low  as  1  to  3%  of  total  metabolism  over  a  wide  range  of 
swimming  speeds. 

What  speed  might  mark  an  upper  limit  for  a  good  swimmer  is  difficult  to 
estimate,  but  it  is  probably  not  less  than  cruising  velocities  for  most  pelagic  species. 
Very  likely  another  factor  becomes  significant  at  still  higher  speeds  or  during 
burst  swimming.  A  fall  in  the  ^-utilization  of  oxygen  from  the  respiratory  stream 
should  occur  as  the  ventilatory  minute- volume  increases  with  increasing  metabolic 
needs  (Hughes,  1966;  Randall,  1970b ;  Hughes  and  Morgan,  1973).  This  repre- 
sents a  loss  in  respiratory  efficiency  that  would  be  additive  to  the  work  load  of 
swimming. 

Much  could  be  learned  to  substantiate  their  trout  and  skipjack  estimates  by 
use  of  water  or  wind  tunnel  models.  In  fact,  the  brancial  system  of  fish  respiring 
in  the  ram  mode  resembles,  in  an  engineering  sense,  the  design  of  a  combined 
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FIGURE  6.  Secondary  calibration  of  a  Blazka  swimming  tunnel  (respirometer  type)  with 
a  combined  impact-reverse  pitot  tube  in  the  axial  Mow  of  the  swimming  chamber  to  give 
pressure  equivalents  of  flow  velocity  in  centimeters  of  water.  The  primary  calibration  was 
obtained  by  use  of  a  ducted,  impeller  flow-meter  (Marine  Advisers  Inc.,  La  Jolla,  California; 
model  B-7C).  Minimal  and  maximal  estimates  for  across-gill  differential  pressures  have 
been  extrapolated  on  the  ordinate  according  to  the  range  of  swimming  speeds  permitting  ram 
gill  ventilation  for  the  fishes  listed  in  Table  II. 

impact-reverse  pitot  tube  with  variable  tip-  and  downstream  orifices.  The  com- 
parison has  limits.  The  pitot  tube  typically  is  a  zero-flow  pressure  measuring 
device  so  the  resistance  between  orifices  is  infinite.  The  branchial  system  differs 
in  that  through-flow  occurs  as  a  volume  rate  determined  primarily  by  the  resistivity 
of  the  gill  screen.  Figure  6  illustrates  the  pressure  differential  developed  between 
impact  and  reverse  openings  of  a  pitot  tube  located  in  a  "swimming"  respirometer 
of  the  Blazka  type  (loaned  by  Dr.  F.  E.  J.  Fry,  University  of  Toronto)  relative 
to  water  flow  velocities  from  0  to  120  cm -sec'1.  The  extrapolated  buccal-post 
branchial  pressure  range  also  is  shown  (ordinate).  This  range  of  pressure  dif- 
ferences corresponds  to  minimal  and  maximal  swimming  speeds  for  ram  gill  ven- 
tilation by  the  fish  species  listed  in  Table  II  (i.e.,  blue  runner  and  bluefish,  re- 
spectively). Assuming  that  a  resemblance  to  the  combined  impact-reverse  pitot 
is  reasonable,  then  an  across-gill  pressure  drop  as  low  as  0.5  cm  enables  some 
fish  to  swim  as  slowly  as  35  cm -sec'1  and  still  support  ram  gill  ventilation. 

Muir  and  Buckley  (1967)  have  determined  via  buccal  and  opercular  cannulas 
that  the  average  pressure  necessary  to  force  water  through  the  gills  of  actively 
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breathing  remoras  is  0.87  cm.  Yet,  these  investigators  have  estimated  that  the 
passive  mode  of  ventilation  in  swimming  remoras  requires  an  across-gill  pressure 
drop  of  1.87  cm  water  pressure.  The  latter  figure  probably  is  too  high  for  a 
minimal  value  for  it  was  based  on  the  use  of  a  simple  impact  pitot  that  does  not 
correct  for  static  pressures  generated  in  the  positive-pressure  pumping  system 
they  employed.  However,  if  the  minimal  swimming  speed  for  conversion  to  ram 
ventilation  by  a  remora  is  selected  (page  583,  50  cm- sec"1,  Muir  and  Buckley, 
1967),  and  the  curve  in  Figure  6  is  used,  a  differential  of  just  over  1  cm  water 
pressure  results.  Therefore,  when  an  allowance  is  made  for  inertial  losses  that 
must  occur  with  branchial  flow-rate  changes  during  active  as  opposed  to  passive 
gill  ventilation,  the  suggested  minimal  value  of  a  0.5  cm  differential  pressure  to 
support  ram  gill  ventilation  seems  acceptable. 

The  transition  to  ram  ventilation  from  active  gill  ventilation  in  swimming 
teleosts  superfically  resembles  breath  holding  in  man  and  diving  aerial-breathers 
among  vertebrates.  It  is  marked  by  cessation  of  rhythmic  breathing  and  seems 
not  to  be  mediated  by  chemoreceptive  detection  of  changes  in  the  concentration  of 
respiratory  gases  or  pH.  Recent  experiments  to  be  reported  elsewhere,  indicate 
that  the  transition  swimming  velocity  for  ram  ventilation  is  only  slightly  increased 
by  warming  (1°  C  per  minute;  bluefish.  blue  runners)  or  by  dropping  the  pO2 
in  a  swimming  tunnel  (halfmoons,  jack  mackerel),  and  then  only  at  extremes. 

Active  ventilation  in  resting  fish  is  driven  by  the  combined  actions  of  the 
buccal  and  opercular  pumps ;  effected  by  contractions  in  antagonistic  arrangements 
of  the  branchial  musculature  (Ballintijn  and  Hughes,  1965;  Ballintijn,  1972). 
Pressure  generated  by  streaming  flow  at  the  mouth  allows  transfer  of  much  of 
the  ventilatory  work  to  the  swimming  musculature  as  the  transition  swimming 
speed  for  ram  ventilation  modes  is  accomplished  by  reflex  conversion  of  motor 
outputs  from  the  medullary  respiratory  areas  of  the  CNS  from  a  cyclic  to  a  tonic 
drive  of  the  branchial  muscles. 

The  fact  that  tonic  control  of  the  buccal  musculature  is  maintained  during  ram 
gill  ventilation  has  been  verified  for  a  mackerel  by  Brown  and  Muir  ( 1970 ) . 
They  found  that  progressive  reductions  in  the  pO2  of  water  circulating  in  a  water- 
tunnel  respirometer  results  in  graded  increases  in  mouth  gape  at  fixed  swimming 
speeds.  Furthermore,  the  mouth  of  an  anesthetized  fish  usually  is  forced  fully 
open  or  fully  closed  in  the  stream  flow  of  a  swimming  tunnel,  depending  upon  the 
streamline  shape  of  the  head  and  the  degree  of  mouth  gape  when  the  flow  is 
started.  Clearly,  mouth  gape  opening  is  not  a  passive  process  in  swimming  fish 
that  do  ram  ventilate. 

Despite  the  large  effort  that  has  been  spent  on  the  examination  of  adaptive 
respiratory  reflexes  in  fish,  specific  receptors  for  initiating  reflex  action  have  not 
been  identified.  However,  it  is  known  that  proprioceptive  elements  sensitive  to 
gill  filament  displacement  are  located  in  the  gill  arches  (Sutterlin  and  Saunders, 
1969).  Pertinent  to  this  discussion  are  receptors  for  monitoring  water  flow 
velocity,  and  muscular  activity  effecting  ventilation  and  swimming. 

Delay  in  the  return  of  active  gill  ventilation  is  so  short  in  a  ram  ventilating 
fish  when  swimming  slows  or  stops,  that  reflex  switching  by  way  of  oxygen  sam- 
pling is  unlikely  for  this  event  (Figs.  4,  5).  Return  of  rhythmic  breathing  in 
bluefish  and  blue  runners  can  occur  within  0.3  second  of  flow  shut-down  in  a 
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swimming  tunnel.  Timing  in  the  blocking  fit  rhythmic  movements  as  swimming 
begins  at  speeds  above  the  transition  speed  for  ram  gill  ventilation  is  a  different 
case.  Several  seconds  may  elapse  before  a  fish  begins  to  ram  ventilate,  but  during 
this  time  there  will  not  have  been  any  interruption  of  the  branchial  water  flow. 

Receptor  systems  subject  only  to  minor  influences  by  metabolic  loading  or  by 
temperature  change  would  seem  to  provide  the  most  reliable  cues  for  switching 
between  ventilatory  modes.  Mechanoreceptors  sensitive  to  water  flow  velocity 
such  as  elements  of  the  acoustico-lateralis  system,  and  proprioceptors  in  the  gill 
arches  and  the  swimming  musculature  (stretch  receptors)  are  likely  candidates  for 
this  function.  Monitoring  of  water  flow  velocity  over  the  body  and  through  the 
branchial  chambers,  and  the  detection  of  tail-beat  frequency  should  be  influenced 
only  by  the  properties  of  water  as  a  flowing  fluid  (see  Hughes  and  Roberts,  1970; 
Randall,  19701)).  Consequently,  the  thermal  error  in  receptor  functioning  should 
be  negligible  for  fish  swimming  at  set  velocities  over  the  temperature  range  of 
their  usual  habitats. 

Although  both  receptor  detection  of  water-flow  rates  and  events  in  swimming 
may  be  critical  for  reflex  conversion  to  ram  gill  ventilation  as  reported  above, 
some  exceptions  have  been  noted.  Two  of  the  blue  runners  from  the  group  listed 
in  Table  II  were  found  to  continue  ram  gill  ventilation  after  drifting  to  the  rear 
screen  of  the  swimming  apparatus  during  swimming  bouts.  No  obvious  signs  of 
fatigue  were  observed  when  they  quit  swimming.  Under  the  unnatural  circum- 
stances of  forced  holding  of  these  fish  in  a  stream  flow,  it  is  possible  that  condi- 
tioning occurred  that  permitted  continuation  of  the  ram  mode.  A  similar  ex- 
planation might  be  applied  to  the  ram  gill  ventilation  of  remoras  attached  to  the 
wall  of  a  swimming  tunnel.  However,  Muir  and  Buckley  (1967,  page  582)  also 
have  reported  that  the  swimming  musculature  becomes  relaxed  when  the  flow 
reaches  ram  ventilating  speeds  so  that  the  body  ".  .  .  often  swayed  with  the  cur- 
rent." Assuming  that  proprioceptive  return  is  critical  to  reflex  control  of  ram 
ventilation  in  the  remora  as  well,  stretch  receptor  systems  still  could  be  activated 
by  passive  tail  oscillations  at  frequencies  dependent  upon  water  flow  velocity. 
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SUMMARY 

1.   Characteristics   of   cyclic   breathing   movements    have   been    examined    in    a 
number   of  fish   species   at    rest   and    during    swimming   acceleration    to    velocities 
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above  those  sufficient  to  induce  transfers  from  active  to  passive  gill  ventilation 
(ram  gill  ventilation).  They  were  trained  to  s\vim  in  one  of  several  types  of 
swimming  tunnels  after  electrode  implants  to  permit  recording  of  ECG's  and 
ventilatory  muscle  EMG's. 

2.  Transfer  to  the  ram  mode  of  gill  breathing  is  marked  by  a  drop-out  of  in- 
dividual  cyclic  breathing  movements   as   swimming   increases   from    rest.      When 
the  swimming  speed  reaches  about  65  cm- sec"1,  most  fish  that  use  ram  gill  ventila- 
tion complete  conversion  to  the  ram  mode  (35  to  82  cm -sec'1,  range  of  all  fish 
tested).     This  is  equivalent  to  an  across-gill  differential  pressure  of  2.1  cm  H;.O 
as  measured  with  a  combined  impact-reverse  pitot  tube  as  an  approximate  model. 
Generally,  a  fish  must  be  swimming  to  ram  gill  ventilate,  but  some  exceptions  are 
noted  such  as  the  shark-riding  remoras. 

3.  Control  of  the  transfer  between  gill  ventilation  modes  appears  basically  to 
be  a   reflex  shut-down   of  rhythmic   breathing   initiated   by   mechanoreceptive   de- 
tection of  water  flow-velocity  and  the  detection  of  swimming  movements.     Reflex 
transitions  between  active  and  passive  breathing  seem  to  happen  too  rapidly  for 
a  sufficient  change  of  respiratory  gas  concentrations  to  occur  and  allow  triggering 
of  chemoreceptors. 

4.  No  unusual  events  are  detectable  in  the  ECG's  of  swimming  fish  as  they 
reach  and  surpass  speeds  sufficient  to  maintain  the  ram  mode.     Cardioacceleration 
varies  as  between  sluggish  and  active  swimmers,  but  seems  to  be  independent  of 
the  mode  of  gill  ventilation  used. 

5.  Generally,  demersal  fishes  that  depend  mainly  upon  the  opercular  phase  for 
active  gill   ventilation,   strongly  aided  by  a  wTell-developed   branchiostegal   system, 
do  not  ram  ventilate.     Conversely,  nearly  all  species  in  which  the  work  share  of 
active  ventilation   is   about   equally   buccal   and   opercular,   probably   use    ram   gill 
ventilation  when  they  reach  the  requisite  swimming  speed.     These  are  mostly  mid- 
water  to  pelagic  in  habits  so  for  them,  transfer  of  the  muscular  work  of  gill  ventila- 
tion from  the  branchial  to  the  swimming  musculature  seems  to  serve  a  dual  func- 
tion— a   reduction   in   the   cost   of  breathing,   and   an    improvement    in    swimming 
efficiency. 

NOTE  ADDED  IN  PROOF 

Jones  and  Sclnvarzfelcl  (1974,  Kcsp.  Physio!.,  21:  241-254)  have  revised 
Jones'  earlier  estimate  (1971 )  for  the  oxygen  cost  of  breathing  to  total  metabolism 
in  rainbow  trout  upward  from  one  to  ten  per  cent  on  the  basis  of  measurements 
with  hatchery  fish. 
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In  most  insects  larval  development  is  controlled  by  juvenile  hormone,  which 
is  produced  by  the  corpora  allata  (CA).  \Yhen  a  threshold  concentration  of 
the  hormone  is  reached  before  a  certain  time  during  the  larval  intermolt  period, 
the  next  molt  gives  rise  to  another  larva  ;  but  if  this  concentration  is  not  reached, 
metamorphosis  begins  (Novak,  1966).  In  many  species,  metamorphosis  starts 
after  a  determined  number  of  larval  instars,  but  in  some  species  it  may  occur 
earlier  or  later  depending  on  environmental  conditions.  This  indicates  that  the 
function  of  the  CA  is  controlled  by  both  internal  and  external  factors,  but  little 
is  known  of  the  mechanism  of  this  control.  In  this  study  we  examined  the  control 
of  the  CA  in  the  larvae  of  the  waxmoth,  Gallcria  incllonclla  L. 

Piepho  (1940)  showed  that  it  was  possible  to  prevent  metamorphosis  in  Gallcria 
by  supplying  last  instar  larvae  with  extra  CA.  The  clearest  results  were  ob- 
tained when  the  larva  received  three  complexes  of  brain-corpora  cardiaca-corpora 
allata  (brain-CC-C/4),  but  three  pairs  of  CC-CA  produced  similar  effects  (CC 
cannot  be  surgically  separated  from  CA).  Since  implantation  of  three  brains 
into  mature  larvae  had  no  effect,  Piepho  ascribed  the  action  of  the  complexes  to 
CA  activity. 

More  recently  it  has  been  shown  that  implantation  of  brains  into  freshly  ecdysed 
last  instar  larvae  of  Gallcria  induces  development  of  supernumerary  larvae  (super- 
larvae)  (Sehnal,  1966a ;  Pipa,  1971).  Krishnakumaran  (1972)  further  demon- 
strated that  brains  from  injured  larvae  are  capable  of  evoking  development  of 
larval-pupal  intermediates  when  implanted  into  larvae  during  the  second  half  of 
the  last  instar.  Pipa  (1971)  suggested  that  the  implanted  brains  caused  the  extra 
larval  molt  by  stimulating  secretion  of  ecdysone  from  the  host's  prothoracic  glands, 
but  Krishnakumaran  (1972)  assumed  that  the  brains  stimulate  both  the  CA  and 
the  prothoracic  glands.  \Ye  have  approached  this  problem  experimentally  and 
examined  in  detail  the  role  of  the  brain  in  the  control  of  the  CA. 

MATERIALS  AND  METHODS 

A  laboratory  strain  of  the  waxmoth  Gallcria  incllonclla  L.  was  maintained  on 
an  artificial  diet  at  30°  C  and  80%  r.h.  in  total  darkness  (Sehnal,  1966b).  Penul- 
timate and  last  instar  larvae  of  known  age  were  used  for  the  experiments.  The 
following  surgical  procedures  were  employed  : 

Implantations 

Most  of  the  implants  were  parts  of  the  cerebral  neuroendocrine  complex.  The 
organs  were  dissected  from  last  instar  larvae  in  insect  saline  (Novak,  1966)  and 
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after  5-40  minutes  were  implanted  into  water-anaesthetized  host  larvae.  A  V- 
shaped  cut  was  made  with  iridectomy  scissors  in  the  dorsolateral  region  of  the 
5th  abdominal  segment  of  the  host,  and  the  implants  were  inserted  into  the  body 
cavity  by  means  of  two  fine  glass  rods. 

Allatcctom\  and  dcncrvation  of  CA 

The  larva  was  anaesthetized  in  water  for  about  5  minutes,  rinsed  quickly  in 
7Q%  ethanol  and  then  in  insect  saline,  and  placed  dorsal  side  down  in  a  Petri  dish 
lined  with  paraffin  and  filled  with  insect  saline.  The  neck  region  of  the  larva  was 
stretched  by  means  of  two  pairs  of  pins  which  were  fixed  to  the  paraffin  in  the 
bottom  of  the  dish.  The  integument  of  the  neck  region  was  cut  with  a  sharp 
scalpel  so  as  to  expose  the  tips  of  the  tentorium.  The  muscles  near  the  posterior 
ends  of  the  tentorium  were  pulled  aside  with  a  hooked  needle  and  the  CC-CA 
complex,  which  was  then  visible  in  the  incision,  was  removed  with  a  pair  of  fine 
forceps.  Since  the  CC  and  the  CA  are  closely  attached  to  each  other,  it  was  im- 
possible to  remove  the  CA  and  leave  the  CC  intact.  The  removed  glands  were 
either  discarded  or  immediately  replaced  approximately  in  their  original  position. 
This  latter  procedure  left  the  insect  with  denervated  glands.  Although  we  handled 
the  glands  as  gently  as  possible,  some  of  those  inserted  back  into  the  body  cavity- 
were  undoubtedly  damaged,  so  that  these  insects  were  effectively  allatectomized 
rather  than  denervated.  In  some  cases  another  implant  of  either  brain  or  CC-CA 
complex  was  inserted  into  the  neck  incision  immediately  after  the  removal  or  re- 
placement of  the  glands. 

Following  the  operation,  the  pins  fixing  the  insect  were  removed,  and  the  in- 
sect was  blotted  on  absorbent  paper  and  transferred  to  a  Petri  dish.  The  operated 
insects  were  left  at  room  temperature  for  24  hours  before  being  supplied  with 
food  and  returned  to  30°  C.  Some  of  them  received  implants  three  days  later, 
which  were  inserted  into  the  abdomen  in  the  manner  described  above. 

RESULTS 
Inhibition  of  metamorphosis  by  various  implants 

Table  I  demonstrates  that  sham  operated  animals  or  animals  implanted  at 
the  beginning  of  the  last  instar  with  three  subesophageal  ganglia,  three  pieces  of 
gut,  or  three  sets  of  thoracic  ganglia  underwent  a  normal  larval-pupal  transforma- 
tion. The  same  results  were  also  observed  following  implantations  of  different 
muscles  or  portions  of  fat  body.  The  larval-pupal  transformation  of  Gallcria  was 
suppressed,  however,  by  the  implantation  of  different  parts  of  the  cerebral  neuro- 
endocrine  complex.  Implantation  of  three  entire  bra'm-CC-CA  complexes  was  the 
most  effective,  but  all  implants  containing  either  brain  or  CC-CA  evoked  a  similar 
effect.  The  majority  of  the  insects  supplied  with  these  implants  molted  into 
morphologically  perfect  superlarvae  (Sehnal  and  Schneiderman,  1973).  Some 
of  them  continued  to  develop  as  larvae  for  yet  another  larval  instar  (second  extra 
larval  instar),  and  a  few  of  those  implanted  with  three  entire  complexes  under- 
went as  many  as  four  extra  larval  molts. 
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TABLE  I 

Development  of  larvae  supplied  with  different  implants  within  24  hours  after 

the  last  larval-larval  ecdysis 


Number  of 

Per  cent  of  insects  entering  extra  larval  instars* 

1  111  1  ill  n  t  "t" 

o    pra  t  p,i 

1  1  M  >l  i  I  111   | 

insects 

n  +  1  instar 

n  +  2  instar 

n  +  3  instar 

n  +  4  instar 

n+5  instar 

Brain 

92 

61% 

17% 

0 

0 

0 

CC-CA 

59 

67% 

17% 

0 

0 

0 

Brain-CC-C,4  complex 

157 

89% 

74% 

24% 

9% 

2% 

Subesophageal  ganglion 

30 

0 

0 

0 

0 

0 

Thoracic  ganglia 

21 

0 

0 

0 

0 

0 

Gut 

11 

0 

0 

0 

0 

0 

Sham  operated 

25 

0 

0 

0 

0 

0 

*  The  remaining  insects  pupated 

t  Tissue  from  three  last  instar  larvae  was  implanted  into  each  host  larva. 

Implantations  performed  at  later  periods  of  the  last  larval  instar  revealed  sig- 
nificant differences  in  the  action  of  the  different  parts  of  the  cerebral  neuroendocrine 
complex  (Table  II).  Larvae  responded  to  brains  only  when  they  were  implanted 
within  48-60  hours  after  the  last  larval-larval  ecdysis,  but  they  responded  to 
the  implantation  of  glands  as  late  as  120  hours  after  the  ecdysis.  Even  when 
the  number  of  implanted  brains  was  increased  to  six,  larvae  older  than  60  hours 
failed  to  respond.  Insects  supplied  with  either  three  bra.in-CC-CA  complexes  or 
with  three  pairs  of  CC-CA  60  hours  or  more  after  the  last  larval-larval  ecdysis 
molted  into  various  larval-pupal  intermediates  (Piepho,  1940;  Sehnal  and  Schnei- 
derman,  1973).  \Yhile  the  formation  of  intermediates  was  common  after  the 
implantation  of  complexes,  the  implantation  of  CC-CA  often  led  to  a  great  pro- 
longation of  the  instar,  with  the  insects  eventually  pupating. 

An  important  characteristic  of  the  action  of  the  implants  was  their  effect  on 
the  length  of  the  instar.  For  example,  in  experiments  with  freshly  ecdysed 
last  instar  larval  hosts,  the  resulting  superlarvae  ecdysed  108-120  hours  after 
the  implantation  of  brains  or  complexes,  but  168  hours  after  the  implantation  of 
CC-CA.  The  unaffected  insects  ecdysed  as  pupae  within  192-198  hours  after 
the  implantation  of  brains  or  complexes,  but  within  324  hours  after  the  im- 
plantation of  CC-CA.  A  few  of  the  larvae  implanted  with  CC-CA  lived  for  more 
than  two  weeks  and  grew  distinctly  larger  than  normal  last  instar  larvae  before 
eventually  pupating.  This  effect  was  never  observed  following  brain  implantations. 


Effects  oj  implantations  into  allatectomised  larvae 

The  implanted  glands  could  prevent  metamorphosis  by  producing  juvenile 
hormone.  The  brains,  however,  might  act  by  eliciting  precocious  secretion  of 
ecdysone  from  the  prothoracic  glands,  as  suggested  by  Pipa  (1971).  The  high 
titer  of  ecdysone  would  then  induce  an  accelerated  molt  before  any  metamorphic 
change  could  occur.  On  the  other  hand,  the  implanted  brains  could  also  stimulate 
the  host  C\!  to  secrete  juvenile  hormone;  the  increased  hormone  titer  would  then 


CONTROL  OF  CORPORA  ALLATA  ACTIVITY 


109 


TABLE  1 1 

Development  of  larvae  supplied  at  different  times  after  the  last  larval-larval  ecdysis  with  implants 

from  48-120  hr  last  instar  larvae. 


Hosts 

Development  to 
superlarvae 

Development  to 

intermediates 

Development  to  pupaef 

A«e  (hrs) 

Number 

Per  cent 
of  total 

insects 

Length  of 
instar 
(hrs)* 

Per  cent 
of  total 
insects 

Length  of 
instar 
(hrs)* 

Per  cent 
of  total 
insects 

Length  of 
instar 

(hrs)* 

Implantation  of  3  brains 


12 

89 

54 

120 

0 



45 

192 

48 

9 

44 

151 

0 

—  • 

56 

180 

60 

11 

9 

192 

0 

—  • 

91 

204 

72 

25 

0 

—  - 

0 

—  - 

100 

192 

120 

33 

0 

— 

0 

• 

100 

198 

Implantation  of  3  pairs  of  glands  (c.  cardiaca-c.  allata) 


12 

73 

74 

168 

0 



17 

324 

48 

23 

70 

159 

0 

—  • 

27 

281 

60 

20 

35 

163 

10 

204 

40 

254 

120 

16 

6 

240 

6 

264 

63 

254 

Implantation  of  3  complexes  (brain-c.  cardiaca-c.  allata) 


12 

36 

89 

108 

0 

.  

11 

198 

60 

64 

48 

173 

24 

170 

17 

214 

120 

40 

0 

— 

70 

238 

30 

204 

Sham  operated 


12 

25 

0 

0 

0 

0 

100 

197 

48 

23 

0 

0 

0 

0 

100 

181 

72 

25 

0 

0 

0 

0 

100 

178 

120 

25 

0 

0 

0 

0 

100 

192 

*  The  normal  length  of  the  last  larval  instar  is  180-190  hours.  The  age  of  the  host  larvae  at  the 
time  of  implantation  was  ±8  hours. 

t  Percent  of  insects  which  died  during  the  experiments  may  be  calculated  from  the  data  listed 
in  the  table. 


suppress  metamorphosis.     To  distinguish  between  these   two  possibilities,   brains 
were  implanted  into  allactectomized  larvae. 

As  shown  in  Table  III,  larvae  allatectomized  in  the  penultimate  instar  under- 
went a  precocious  metamorphosis.  Precocious  metamorphosis  never  occurred  in 
insects  from  which  one  corpus  cardiacum-corpus  allatum  complex  was  removed 
(half-allatectomy).  However,  in  the  last  larval  instar,  neither  complete  allatectomy 
nor  half-allatectomy  had  any  significant  effect  on  development.  Allatectomy  also 
did  not  alter  the  response  of  the  larvae  to  the  implantation  of  CC-CA.  A  majority 
of  the  allatectomized  insects  supplied  with  glands  underwent  an  extra  larval  molt, 
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TABLE  1 1 1 

Development  of  allatectomized  larvae  supplied  with  different  implants 
from  48-120  hr  last  instar  larvae 


Operation 

Number  of 
larvae* 

Development  to  larvae 
and  intermediates 

Development  to  pupae 

DeadJ 

%  of 
survivors 

Length  of 
instarf 
(hr  ±  SD) 

%  of 
survivors 

Length  of 
instarf 
(hr  ±  SD) 

Host  larvae  allatectomized  24  hrs  after  the  penultimate  larval-larval  ecdysis 

Allatectomy 

12 

0 

—  . 

100 

not  re- 

0 

corded 

Half-allatectomy 

12 

100 

not  re- 

0 

•  — 

0 

corded 

Host  larvae  allatectomized  12  hrs  after  the  last  larval-larval  ecdysis 


Allatectomy 

7 

0 



100 

204  ±  24 

2 

Allatectomy  plus  implanta- 

42 

0 

— 

100 

214  ±  21 

15 

tion  of  3  brains 

Allatectomy  plus  implanta- 

12 

0 

-  — 

100 

245  ±  21 

3 

tion  of  6  brains 

Allatectomy  plus  implanta- 

36 

72 

214  ±  48 

28 

432±201 

18 

tion  of  3  pr  of  glands 

Allatectomy  plus  implanta- 

8 

LOO 

218  ±  80 

0 

— 

2 

tion  of  6  pr  of  glands 

Half-allatectomy  plus  im- 

25 

39 

142  ±  24 

61 

257  ±  37 

2 

plantation  of  3  brains 

Sham  operated 

21 

0 



100 

284  ±  46 

3 

Host  larvae  allatectomized  72  hrs  after  the  last  larval-larval  ecdysis 


Allatectomy  plus  implanta- 

10 

0 

— 

100 

250  ±  46 

3 

tion  of  3  brains 

Allatectomy  plus  implanta- 

9 

50 

415  ±  97 

50 

569±327 

3 

tion  of  3  pr  of  glands 

Sham  operated 

35 

0 



100 

264  ±77 

6 

*  Only  animals  which  survived  more  than  24  hrs  after  operation  are  included. 
f  The  first  24  hours  after  the  operation  were  not  included  in  the  instar  length. 
|  This  column  includes  animals  which  either  died  or  did  not  moult  during  the  three  weeks  of  the 
experiments. 


and  the  remainder  pupated  after  a  delay  averaging  18  days.  The  delay  was 
greater  than  that  observed  after  the  implantations  of  CC-CA  into  intact  larvae 
and  was  particularly  common  in  insects  allatectomized  72  hours  after  the  last 
larval-larval  ecdysis.  Some  allatectomized  larvae  lived  for  3-6  weeks  after  the 
implantation  of  CC-CA  before  eventually  dying. 

The  allatectomized  insects  failed  to  respond  to  the  implantation  of  brains, 
however,  and  molted  into  normal  pupae.  Even  the  implantation  of  six  brains 
did  not  elicit  extra  larval  development.  In  contrast,  three  brains  were  adequate 
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TABLE  IV 

Development  of  larvae  with  nerves  innervating  the  corpora  cardiaca-corpora  allata  severed 

and  -with  implants  supplied  0  or  72  hrs  later 


Operation 

Number  of 
larvae* 

Development  to  larvae 
and  intermediates 

Development  to  pupae 

DeadJ 

%of 
survivors 

Length  of 
instarf 
(hr  ±  SD) 

%of 

survivors 

Length  of 
instarf 
(hr  ±  SD) 

Nerves  servered  24  hrs  after  the  penultimate  larval-larval  ecdysis 


Nerves  severed 

21 

95 

not  re- 
corded 

5 

not  re- 
corded 

Nerves  severed  12  hrs  after  the  last  larval-larval  ecdysis 


Nerves  severed 

45 

7 

156±     0 

93 

328±120 

12 

Nerves  severed  and  3  brains 

39 

48 

189±  96 

52 

278±  61 

12 

implanted 

Nerves  severed  and  3  brains 

30 

15 

187±  36 

85 

288±  67 

3 

implanted  72  hr  later 

Sham  operated 

21 

0 

— 

100 

284  ±  46 

3 

Sham  operated  and  3  brains 

8 

57 

175±   12 

43 

252  ±  42 

1 

implanted 

Nerves  severed  72  hrs  after  the  last  larval-larval  ecdysis 


Nerves  severed 

36 

7 

360±101 

93 

384  ±185 

5 

Nerves  severed  and  3  brains 

36 

20 

391±132 

80 

317±  98 

1 

implanted 

Sham  operated 

35 

0 

— 

100 

264±  77 

6 

Sham  operated  and  3  brains 

6 

0 

— 

100 

308±  55 

0 

implanted 

Nerves  severed  120  hrs  after  the  last  larval-larval  ecdysis 


Nerves  severed 

37 

3 

264±     0 

95 

449  ±  94 

5 

Nerves  severed  and  3  brains 

11 

12 

576±     0 

88 

357±   62 

2 

implanted  72  hr  later 

Sham  operated 

16 

0 



100 

271±   14 

1 

*  Only  animals  which  survived  for  more  than  24  hrs  after  the  operation  are  included. 
f  The  first  24  hrs  after  the  operation  were  not  counted. 

J  This  column  includes  animals  which  either  died  or  did  not  moult  during  the  four  weeks  of  the 
experiments. 


to  induce  development  of  superlarvae  in  nearly  4Q%  of  half-allatectomized  insects; 
the  rest  of  the  half-allatectomized  larvae  pupated  with  a  slight  prolongation  in 
the  length  of  the  instar.  These  results  clearly  demonstrate  that  the  presence  of 
at  least  one  corpus  cardiacum-corpus  allatum  complex  is  essential  for  the  effect 
of  the  implanted  brains. 
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Development  of  larvae  with  denervated  (jlands 

Table  IV  demonstrates  that  freeing  the  host  CC-CA  of  all  nervous  connections 
had  no  effect  on  the  development  of  penultimate  instar  larvae.  With  the  excep- 
tion of  a  single  larva  which  pupated  (probably  due  to  the  damage  of  its  CC-CA 
during  the  operation),  all  operated  insects  ecdysecl  into  normal  last  instar  larvae. 

Severing  the  nerves  to  the  CC-CA  during  the  last  larval  instar  had  no  effect 
on  the  larval-pupal  transformation  of  93-95 %  of  the  operated  larvae,  although 
metamorphosis  occurred  significantly  later  than  in  intact  or  allatectomized  larvae 
(cf.  Tables  II  and  III).  Suppression  of  metamorphosis  did  occur  in  a  few  cases. 
Those  affected  animals  which  had  been  operated  12  hours  after  the  last  larval-larval 
ecdysis  produced  perfect  superlarvae,  while  those  operated  at  72  and  120  hours 
after  the  ecdysis  molted,  after  about  two  weeks,  into  imperfect  superlarvae  and 
larval-pupal  intermediates.  In  addition,  nearly  10%  of  all  operated  insects  failed 
to  pupate  for  as  long  as  four  weeks  after  the  operation. 

Severing  their  nervous  connections  did  not  prevent  the  glands  of  freshly 
ecdysed  last  instar  larvae  (12  hours  after  the  ecdysis)  from  responding  to  the 
implanted  brains  (Table  IV).  After  the  implantation  of  three  brains,  about  half 
of  these  larvae  developed  into  superlarvae ;  the  occurrence  of  extra  larval  instars 
in  these  animals  was  thus  only  slightly  less  frequent  than  in  intact  larvae  follow- 
ing the  implantation  of  three  brains  (Table  I).  However,  when  the  implantation 
of  brains  was  postponed  until  72  hours  after  the  denervation  of  the  glands,  only 
15%  of  the  experimental  larvae  underwent  an  extra  larval  molt. 

Most  significantly,  denervating  the  glands  72-120  hours  after  the  last  larval- 
larval  ecdysis  restored  their  sensitivity  to  the  implanted  brains.  Although  intact 
larvae  of  this  age  never  respond  to  implanted  brains,  10-20%  of  the  denervated 
insects  molted,  after  brain  implantation,  into  imperfect  superlarvae  and  larval-pupal 
intermediates. 

Thus  severing  the  nerves  to  the  CC-CA  complex  during  the  last  larval  instar 
partially  restores  gland  activity  and  also  their  sensitivity  to  implanted  brains.  Fol- 
lowing denervation  the  glands  secrete  enough  juvenile  hormone  to  cause  a  sig- 
nificant prolongation  of  the  instar  and,  in  a  few  cases,  the  development  of 
superlarvae.  The  low  numbers  of  operated  insects  undergoing  the  extra  larval 
development  indicate  that  some  inhibition  of  CA  function  persists  after  nerve  sever- 
ence.  The  source  of  the  inhibition  could  be  the  brain.  However,  its  inhibitory 
action  appears  to  be  conditioned  by  the  brain's  integrity  with  the  rest  of  the 
nervous  system.  \Yhen  the  brain  with  attached  CC-CA  is  transplanted  into  an- 
other larva,  the  glands  resume  hormone  production  and  induce  extra  larval  de- 
velopment in  the  host  (cf..  Table  II).  In  addition,  it  is  clear  that  the  role  of  the 
nervous  connections  from  the  subesophageal  ganglion  to  the  CC-C^-l  complex  in 
the  inhibition  of  gland  function  has  not  been  defined. 

DISCUSSION 

Freshly  ecdysed  last  instar  larvae  of  Gallcrla  inellonella  respond  to  the  im- 
plantation of  three  brains  with  an  extra  larval  molt.  Since  this  effect  also  occurs 
in  larvae  from  which  one  CA  has  been  removed,  but  not  in  larvae  from  which 
both  CA  have  been  removed,  the  implanted  brains  must  exert  their  effect  by  ac- 
tivating the  CA  of  the  host.  The  activation  is  not  mediated  by  the  host  nervous 
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system  because  brains  are  also  active  in  larvae  in  which  all  nervous  connections 
to  the  CC-CA  are  severed.  In  another  paper  we  consider  the  nature  of  this  blood- 
borne  allatotropic  factor  (Granger  and  Sehnal,  1974). 

A  humoral,  presumably  neurohormonal,  control  of  the  CA  by  the  brain  has 
also  been  demonstrated  in  various  adult  insects  (rf.  Gassier,  1967;  Engelmann. 
1970)  and  also  in  some  larvae.  Dreschner  (1960)  proposed  an  allatotropic  func- 
tion for  the  brain  in  nymphs  of  Pcriphincta  amcricana.  Girardie  (1965,  1967) 
showed  that  neurosecretory  cells  in  the  brains  of  Locnsta  migratoria  cinerascens 
nymphs  produce  both  stimulatory  and  inhibitory  factors  affecting  the  CA,  although 
the  inhibitory  factor  may  inactivate  the  released  juvenile  hormone  rather  than 
repress  its  production.  Ozeki  (1962)  presented  indirect  evidence  for  a  humoral 
control  of  the  CA  in  the  earwig  Anisolabis  warit/nia  :  inactive  CA  became  acti- 
vated when  cultured  in  penultimate  instar  larvae  for  ten  days.  Similarly,  Fukuda 
(1962)  showed  that  transplanted  CA  in  Boinby.r  mori  often  behave  in  a  manner 
corresponding  to  the  developmental  stage  of  the  host. 

The  sensitivity  of  Gallcria  CA  to  the  allatotropic  factor  is  maintained  for  the 
first  48-60  hours  of  the  last  larval  instar,  after  which  it  seems  to  be  lost.  How- 
ever, the  insensitivity  can  be  partly  abolished  by  severing  the  nerves  innervating 
the  CC-CA  complexes.  In  a  few  instances  denervation  itself,  without  brain  im- 
plantation, activates  the  glands  and  suppresses  metamorphosis.  These  results 
indicate  that  the  secretory  function  of  the  CA  is  inhibited  via  the  nerves  between 
48-60  hours  after  the  last  larval-larval  ecdysis. 

The  possibility  of  nervous  control  of  the  CA  was  suggested  by  Scharrer  (1946) 
and  later  by  other  authors,  but  no  conclusive  evidence  for  this  control  in  larvae 
is  available.  The  published  data  demonstrate  that  the  integrity  of  the  allatal  nerves 
has  a  different  significance  for  CA  activity  in  different  species.  For  example,  in 
the  cockroach  Lcncophaca  madcrac,  severing  the  CA  nerves  has  a  strong  stimu- 
lating influence  on  the  glands,  and  all  operated  insects  undergo  an  extra  larval 
molt  (Liischer  and  Engelmann,  1960).  In  contrast,  this  operation  stimulates 
extra  larval  development  in  only  7r/c  of  the  cases  in  Gallcria  (present  results)  and 
never  in  Bombv.r  uiori  (Bounhiol,  1957).  In  Anisolabis  uiaritiina.  severing  the 
CA  nerves  causes  a  partial  inhibition  of  CA  activity  (Ozeki,  1962),  an  effect 
opposite  to  that  observed  in  Leucophaea  madcrac. 

These  and  other  data  in  the  literature  indicate  that  insect  CA  are  controlled 
by  both  activating  and  inhibiting  stimuli  which  reach  the  glands  either  via  the 
haemolymph  or  via  the  nerves.  The  significance  of  these  two  mechanisms  of  trans- 
mission appears  to  be  different  in  different  species.  In  certain  stages  of  develop- 
ment, the  effect  of  one  type  of  stimulus  seems  to  persist,  and  the  glands  do  not 
respond  to  the  opposite  stimulus.  For  example.  CA  dissected  from  Anisolabis 
niaritima  during  the  first  three  quarters  of  the  last  larval  instar  (Ozeki.  1965). 
or  from  Boinby.r  mori  during  the  second  half  of  the  last  larval  instar  (Fukuda. 
1944).  remain  inactive  when  transplanted  into  allatectomized  larvae  of  the  penulti- 
mate instar ;  however,  the  internal  milieu  of  penultimate  instar  larvae  of  either 
species  normally  has  a  stimulating  influence  on  CA  activity  (Fukuda,  1962;  Ozeki, 
1962).  Oshiki  and  Morohoshi  (1973)  have  found  that  when  a  certain  strain  of 
Bomby.r  mori  is  exposed  to  temperature  and  moisture  shocks  after  the  third  larval 
ecdysis,  the  CA  become  inactive  during  the  fourth  larval  instar  instead  of  during 
the  fifth,  and  a  premature  metamorphosis  ensues.  \Yhen  inactive  glands  from 
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shocked  fourth  (last)  instar  larvae  are  transplanted  into  allatectomized  and  un- 
treated fourth  instar  larvae,  the  transplanted  CA  become  activated  and  the  host 
larvae  undergo  a  normal  fifth  larval  instar.  It  was  further  observed  that  activa- 
tion of  the  CA  occurs  much  less  frequently  when  whole  brain-CT-CVJ  complexes 
are  transplanted.  In  this  case  the  nervous  connections  to  the  brain  are  obviously 
important  for  the  maintenance  of  CA  inhibition. 

In  summary,  we  conclude  that  the  activity  of  the  CA  is  determined  by  an 
interplay  of  activating  and  inhibiting  stimuli  of  varying  intensity,  whose  effects 
may  persist  for  various  lengths  of  time.  Similar  mechanisms  seem  to  control  the 
function  of  the  CA  in  adult  insects,  as  was  recently  demonstrated  by  Baehr  (1973) 
in  Rhodnlus  prolixus. 

Studies  on  volume  changes  of  the  CA  led  Kaiser  (1949)  and  Novak  (1954) 
to  conclude  that  the  amount  of  juvenile  hormone  secreted  during  larval  develop- 
ment depends  primarily  on  the  size  of  the  glands.  The  authors  assumed  that  the 
concentration  of  juvenile  hormone  becomes  gradually  smaller  in  succeeding  larval 
instars  because  the  CA  grow  more  slowly  than  the  rest  of  the  body.  As  the  re- 
sult of  a  disproportion  between  CA  volume  and  body  size  in  a  certain  instar,  the 
glands  do  not  produce  a  sufficient  concentration  of  juvenile  hormone,  and  meta- 
morphosis begins.  The  theory  may  be  valid  in  considering  the  phylogenetic  origin 
of  insect  metamorphosis,  but  does  not  seem  to  apply  to  certain  present-day  spe- 
cies. It  was  disproven  in  the  case  of  Lcucophaca  madcrac  (Luscher  and  Engel- 
mann,  1960)  and  it  is  also  inconsistent  with  our  data  on  Gallcria.  In  our  experi- 
ments, removal  of  one  of  the  two  CA  from  penultimate  instar  larvae  undoubtedly 
caused  a  great  disproportion  in  the  ratio  of  gland  volume  to  body  size,  but  had 
no  effect  on  the  further  development  of  the  larvae.  This  indicates  that  more 
complex  mechanisms  than  the  allometric  growth  of  the  CA  control  the  titer  of 
juvenile  hormone  in  the  larva  ;  the  nature  of  some  of  these  mechanisms  was  pre- 
viously discussed. 

Up  to  48  hours  after  the  last  larval-larval  ecdysis,  a  larva  of  Gallcria  may  de- 
velop either  into  a  perfect  superlarva  or  into  a  normal  pupa,  depending  on  the 
circulating  titer  of  juvenile  hormone  (Piepho,  1940;  Sehnal  and  Schneiderman, 
1973).  Both  internal  and  external  stimuli  determine  which  of  these  develop- 
mental possibilities  will  be  realized.  Although  metamorphosis  normally  begins 
in  the  seventh  larval  instar.  it  may  occur  earlier  or  later  if  the  insects  develop  in 
unfavorable  conditions  (Sehnal,  1966b). 

We  assume  that  after  each  larval-larval  ecdysis,  the  brain,  in  response  to 
different  internal  and  external  stimuli,  is  programmed  either  for  larval  develop- 
ment or  for  metamorphosis.  When  it  is  programmed  for  larval  development,  it 
releases  the  allatotropic  factor  and  the  CA  begins  secreting  juvenile  hormone  in 
amounts  sufficient  to  induce  larval  development.  Secretion  of  the  brain  hormone, 
which  stimulates  the  prothoracic  glands,  seems  to  be  accelerated.  On  the  other 
hand,  when  the  brain  is  programmed  for  metamorphosis,  the  CA  are  inactivated 
via  their  nervous  connections  between  48  and  60  hours  after  the  ecdysis.  The 
glands  in  situ  cannot  thereafter  be  fully  activated  by  the  insect's  own  brain,  at 
least  until  the  end  of  the  last  larval  instar.  This  persistent  inactivation  of  the 
CA  prevents  lethal  deviations  from  normal  development,  since  if  the  glands  re- 
sumed their  full  activity  in  the  course  of  the  instar,  inviable  larval-pupal  inter- 
mediates would  be  produced.  Hence,  a  double-control  mechanism — lack  of  the 
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allatotropic    factor    and    nervous    inhibition    of    the    CA—  assures    that    the    insect 
develops  either  into  a  perfect  larva  or  into  a  perfect  pupa. 

The  double-control  mechanism  may  play  yet  another  role,  namely  in  govern- 
ing the  precise  level  of  juvenile  hormone  secretion.  Denervation  of  the  CC-CA, 
as  well  as  the  implantation  of  the  CC-CA  into  allatectomized  larvae,  often  leads 
to  a  significant  delay  in  the  larval-pupal  ecdysis,  similar  to  that  which  occurs  after 
administration  of  low  doses  of  juvenile  hormone  and  its  analogues.  This  pro- 
longation of  the  instar  resembles  the  diapause  which  occurs  in  Galleria  under  cer- 
tain environmental  conditions  ( Sehnal,  1966b).  A  similar  larval  diapause  in 
Chilo  snprcssalis  (Fukaya,  1962)  and  a  profound  larval  diapause  in  Diatraea 
grandiosella  (Yin  and  Chippendale,  1973)  are  caused  by  a  low  level  of  the  juvenile 
hormone  secretion.  We  assume  that  the  same  is  true  in  Galleria.  Since  pro- 
longation of  the  instar  occurs  after  severance  of  the  nerves  to  the  CC-CA  complex, 
the  low  level  of  hormone  secretion  by  the  CA  may  occur  as  a  result  of  the  partial 
removal  of  their  nervous  inhibition.  In  another  paper  we  examine  variations  in 
the  allatotropic  activity  of  the  brain  during  the  penultimate  and  last  larval  instars 
of  Galleria,  (Granger  and  Sehnal.  1974).  The  experiments  of  Krishnakumaran 
(1972)  indicate  that  the  allatotropic  activity  of  the  brain  of  Galleria  may  also 
vary  in  response  to  a  stimulus  such  as  injury.  Insects  may  use  this  allatotropic 
control  by  their  nervous  system  to  alter  and  adjust  the  secretory  activity  of  the 
CA  during  their  entire  development. 
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SUMMARY 

1.  The   implantation   of   three   brains    into   freshly   ecdysed    last    instar    larvae 
which  possess  at  least  one  of  the  two  corpora  allata  induces  extra  larval  develop- 
ment.    Implanted  brains  appear  to  produce  a  neurohumoral  allatotropic  factor. 

2.  Corpora  allata   seem   to  be   inhibited   via   their   nervous   connections   48-60 
hours  after  the  last  larval-larval  ecdysis  and  become  insensitive  to  the  allatotropic 
factor.     Severance  of  the  nerves  innervating  the  corpora  allata  and  adjacent  cor- 
pora cardiaca  induces  extra  larval  development  in  7%  of  the  experimental  insects 
and  restores  sensitivity  to  the  implanted  brains  in  as  many  as  209^. 

3.  Severance  of  the  nerves  to  the  corpora  cardiaca — corpora  allata  complexes 
or  implantation  of  corpora  cardiaca — corpora  allata  complexes  into  allatectomized 
larvae  in  some  instances  causes  a  considerable  prolongation  of  the  last  larval  instar. 
It  is  suggested  that  disconnection  of  the  corpora  allata  from  the  brain  partly  re- 
moves their  inhibition  and  induces  secretion  of  a  low  titer  of  juvenile   hormone 
which  is  then  responsible  for  the  delay  in  pupation. 
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During  the  last  decade  there  has  been  a  considerable  renewal  of  interest  in 
the  uptake  of  dissolved  organic  matter  (especially  amino  acids)  by  marine  in- 
vertebrates. Among  the  goals  of  these  investigations  is  the  elucidation  of  the 
importance  of  dissolved  free  amino  acids  to  the  nutrition  of  these  animals  (for 
recent  reviews  and  bibliographies,  see:  Johannes,  Coward  and  "Webb,  1969; 
Stephens,  1972:  Dixit,  1973;  Schlichter,  1973).  Most  experiments  attempting 
to  demonstrate  a  nutritive  role  of  these  substances  have  utilized  well  fed  animals 
presumably  having  high  levels  of  metabolic  substrates,  although  a  priori,  it  is  in 
the  starved  animal  that  one  might  expect  a  significant  supplemental  nutritional 
contribution  by  dissolved  compounds. 

There  appears  to  be  very  little  direct  evidence  supporting  the  hypothesis  that 
dissolved  amino  acids  (at  environmentally  realistic  concentrations)  are  in  fact  an 
energy  source  for  marine  invertebrates.  Stephens  (1967)  has  pointed  out  that 
not  all  of  the  assimilated  material  is  necessarily  oxidized,  but  that  it  may  also 
exert  a  sparing  effect  on  a  variety  of  metabolic  pathways  and  on  growth  and  re- 
productive processes.  This  implies  that  there  need  not  necessarily  be  a  net  uptake 
of  these  compounds  for  them  to  be  nutritionally  significant.  In  the  absence  of 
data  regarding  the  total  flux  of  amino  acids,  an  alternative  course  of  investigation 
is  to  make  qualitative  and  quantitative  comparisons  of  biochemical,  physiological 
and  developmental  processes  among  fed,  starved  and  starved/amino  acid-exposed 
animals.  It  is  this  approach  that  has  been  taken  in  the  present  study  of  Aurelm 
aurita  polyps  (scyphistomae)  using  dissolved  glycine. 

The  uptake  of  dissolved  free  amino  acids  generally  follows  Michaelis-Menten 
kinetics,  and  while  this  does  not  necessarily  imply  that  the  uptake  process  is 
enzyme-mediated,  the  calculation  of  the  kinetic  constant  Kt  permits  comparisons 
of  the  affinities  of  the  amino  acid  uptake  systems  among  different  groups  of  ani- 
mals. To  date,  the  Kt  values  reported  for  marine  invertebrates  have  been  dis- 
cussed almost  exclusively  in  terms  of  the  animals'  adaptations  to  the  concentra- 
tions of  dissolved  free  amino  acids  in  their  respective  habitats  (Southward  and 
Southward.  1972a.  1972b;  Stephens,  1972),  although  an  additional  consideration 
has  been  demonstrated  by  Dixit  (1973),  who  found  ontogenetic  differences  in 
Kt  for  glycine  uptake  by  a  sea  urchin.  In  view  of  the  known  influence  of  tem- 
perature on  enzyme  kinetics  in  poikilotherms  (Hochachka  and  Somero,  1973),  the 
investigation  of  the  possibility  of  an  analogous  effect  of  temperature  on  the  kinetics 
of  amino  acid  uptake  is  clearly  indicated. 

1  Present  address :  Department  of  Zoology,  University  of  Maine,  Orono,  Maine  04473. 
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Somewhat  surprisingly,  temperature  effects  on  uptake  per  se  of  dissolved  or- 
ganics  by  marine  invertebrates  remain  generally  unexamined,  although  Stephens 
(1962a)  presented  Qio  values  for  amino  acid  uptake  by  the  maldanid  polychaete 
Clymenella  torquata  and  for  glucose  uptake  by  the  coral  Funyia  scntaria  (  Stephens, 
1962b).  Likewise,  whether  or  not  the  uptake  process  is  subject  to  temperature 
acclimation  is  unknown.  Considering  the  documentation  of  such  effects  on  oxy- 
gen consumption  and  other  parameters  in  marine  invertebrates,  it  becomes  obvious 
that  a  complete  understanding  of  the  significance  of  the  uptake  and  utilization  of 
dissolved  amino  acids  must  include  an  awareness  of  the  thermal  sensitivity  of 
these  processes. 

MATERIALS  AND  METHODS 
Experimental  animals 

A  clonal  culture  of  Aurclia  aurita  scyphistomae  from  Corpus  Christi,  Texas 
was  begun  with  a  single  animal  from  the  culture  isolated  by  Spangenberg  (1964). 
The  stock  culture  was  maintained  at  room  temperature  (21°-24°  C)  in  iodine-free, 
30%  c  artificial  sea  water  to  prevent  strobilation.  Polyps  were  fed  Artemia  salina 
nauplii  twice  weekly  and  food  residues  were  removed  from  the  culture  bowls  1-3 
days  after  each  feeding.  The  water  was  changed  monthly.  A  somewhat  larger, 
genetically  heterogeneous  culture  was  maintained  under  conditions  identical  to  those 
above,  and  polyps  from  this  culture  were  used  only  in  the  determination  of  internal 
free  amino  acid  pools. 

Polyps  of  A.  aurita  from  the  York  River,  Virginia  were  provided  by  R.  E.  L. 
Black,  College  of  William  and  Mary.  These  animals  have  a  lower  optimum  salin- 
ity for  growth  and  asexual  reproduction  than  do  the  Texas  scyphistomae,  and 
were  therefore  maintained  at  25% p.  All  other  details  of  culture  maintenance  wrere 
as  described  above.  These  polyps  were  used  only  in  the  temperature  acclimation 
studies  described  below,  and  to  distinguish  them  from  the  Texas  animals  they 
are  always  specifically  referred  to  as  "Virginia"  polyps  or  scyphistomae. 

Temperature  and  starvation  effects  on  t/lycine  uptake 

Texas  polyps  from  the  clonal  culture  were  fed,  brought  to  one  of  the  acclima- 
tion temperatures  (12°,  15°,  20°,  25°,  30°  and  35°  C)  over  periods  ranging  from 
3-9  days,  and  again  fed  once  the  desired  temperature  had  been  attained.  One 
group  of  polyps  at  each  temperature  was  then  fed  twice  weekly  for  14  days,  the 
last  feeding  being  2  days  before  the  acclimated  glycine  uptake  experiments  were 
performed.  A  second  group  was  deprived  of  food  throughout  the  14-day  period. 

At  the  end  of  the  acclimation  period,  groups  of  10  polyps  of  uniform  size  were 
removed  from  the  culture  dishes,  adhering  debris  was  removed  with  a  pipet,  and 
the  animals  were  washed  4  times  with  Millipore  filtered  (0.45  /j.  pore  size)  artificial 
seawater  at  the  acclimation  temperature  and  salinity.  Preliminary  experiments 
in  which  polyps  were  preincubated  for  21  hr  in  streptomycin  sulfate  (200  mg/1 
seawater)  indicated  that  the  above  decontamination  procedure  was  sufficient  to 
eliminate  any  detectable  effects  of  bacteria  on  total  glycine  uptake  or  distribution 
of  radioactivity  in  the  various  fractions.  Therefore,  to  minimize  external  variables, 
streptomycin  was  not  used  in  the  main  body  of  experiments. 
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Decontaminated  polyps  were  transferred  to  acid-rinsed,  sterile  test  tubes  in 
0.5  ml  of  artificial  seawater  (30/vV)  at  the  acclimation  temperature.  To  each  tube 
was  added  1.0  ml  of  water  at  the  acclimation  temperature  and  salinity  containing 
[U-14C]  glycine  (New  England  Nuclear),  so  that  the  final  concentration  of 
labeled  glycine  in  the  exposure  medium  was  0.80  /xM.  This  concentration  is 
ecologically  realistic  (rf.  Webb  and  Wood,  1966;  Siegel,  1967;  Bohling,  1970, 
1972;  Clark,  Jackson  and  North,  1972). 

Preliminary  experiments  with  Texas  polyps  at  20°  C  demonstrated  that  gly- 
cine uptake  from  a  medium  with  an  initial  concentration  of  0.80  /AM  is  linear  for 
at  least  120  min ;  therefore,  an  exposure  period  of  1  hr  was  chosen  for  all  subse- 
quent experiments. 

Polyps  were  exposed  to  the  labeled  medium  in  sealed  test  tubes  for  1  hr  at 
the  acclimation  temperature,  quickly  rinsed  in  3  changes  of  artificial  seawater  and 
extracted  overnight  in  1.5  ml  of  80%  ethanol.  The  COo  was  collected  throughout 
the  exposure  period  in  Wc/c  KOH  on  ground  glass  rods  imbedded  in  the  stoppers 
sealing  the  individual  tubes ;  after  removal  of  the  animals,  the  exposure  medium 
was  acidified  with  2  N  HC1  to  drive  off  any  remaining  CO2,  which  was  also  trapped 
in  KOH.  The  extracted  polyps  were  rinsed  in  3  changes  of  clean  ethanol  and 
digested  overnight  in  0.5  ml  of  NCS  Solubilizer  (Amersham-Searle).  Samples 
of  ethanol  extracts,  EtOH  insoluble  material  and  KOH  were  prepared  for  count- 
ing as  described  in  Shick  (1973),  and  all  samples  were  counted  in  Aquasol 
Universal  L.  C.  S.  Scintillator  (New  England  Nuclear).  Aliquots  of  the  radio- 
active media  were  taken  before  and  after  the  exposure  period,  and  after  acidi- 
fication in  the  latter  case.  All  samples  were  corrected  for  background  and  for 
quenching  by  use  of  both  internal  and  external  standards.  Dry  weights  for  each 
experimental  group  of  animals  were  determined  as  in  Shick  (1973).  with  the 
addition  that  dried  polyps  were  rinsed  of  salt  before  a  second  drying  and  reweighing. 

The  above  exposure,  COo  trapping,  extraction,  counting  and  weighing  pro- 
cedures were  followed  in  all  other  experiments,  with  modifications  described 
where  appropriate.  Unless  otherwise  noted,  all  experiments  were  performed  in 
iodine-free  artificial  seawater  of  30/£o. 

Acclimated  rates  of  glycine  uptake  by  fed  (2-day)  and  starved  (14-day)  polyps 
were  compared  by  Student's  t  test  and  by  two-way  analysis  of  variance  (F  test) 
performed  on  data  obtained  at  temperatures  common  to  both  groups. 

Temperature  acclimation  of  glycine  uptake  rate 

Groups  of  Texas  polyps  were  maintained  at  17°  C  (cold  acclimated)  and  at 
27°  C  (warm  acclimated)  for  2  weeks.  Polyps  were  fed  twice  weekly,  the  last 
feeding  being  2  days  prior  to  the  performance  of  uptake  experiments  at  17°,  22° 
and  27°  C.  An  additional  group  was  acclimated  to  15°  C.  with  uptake  rates  being 
determined  at  15°,  22.5°  and  30°  C. 

Groups  of  Virginia  scyphistomae  were  gradually  brought  to  30f/c  and  main- 
tained at  17°  and  27°  C  under  the  same  conditions  as  the  Texas  polyps.  Other 
experimental  procedures  were  also  identical  except  that,  due  to  their  larger  size, 
polyps  were  exposed  to  glycine  in  groups  of  2  uniformly  sized  individuals  at 
each  temperature.  Likewise,  dry  weight  determinations  on  groups  of  2  polyps 
were  made  as  previously  described. 
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Acutely  determined  rates  of  glycine  uptake  (i.e.,  rates  determined  at  tempera- 
tures other  than  those  to  which  the  animals  were  acclimated)  were  compared 
within  each  population  using  Student's  t  test  and  analysis  of  variance  (F  test). 

Kinetics  of  (/lycine  uptake 

Groups  of  Texas  polyps  were  fed  twice  weekly  and  acclimated  to  temperatures 
of  12°,  17°,  22°,  27°  and  32°  C  for  14  days,  at  the  end  of  which  time  they  were 
exposed  in  groups  of  5  to  varying  concentrations  (0.12-101.36  /AM;  3-5  replicates 
per  concentration)  of  [U-14C]  glycine  at  their  respective  acclimation  temperatures. 
A  group  of  polyps  maintained  for  2  weeks  at  20°  C  was  placed  in  artificial  sea- 
water  containing  1.5  /AM  potassium  iodide  and  raised  to  27°  C  to  induce  strobila- 
tion.  Newly-liberated  ephyrae  were  transferred  to  iodine-free  water  at  27°  C 
and  used  in  kinetic  determinations  at  this  temperature.  The  constants  Vmax 
(maximum  uptake  rate)  and  Kt  (numerical  equivalent  of  external  glycine  con- 
centration at  half-maximal  uptake  rate)  were  calculated  from  data  at  each  tem- 
perature by  means  of  least  squares  linear  regression  analyses  performed  on 
Kadie-Hofstee  plots  (v  vs.  v/[S])  of  the  Michaelis-Menten  equation. 

11CO2  production 

Recently  fed  (2-day)  and  starved  (14-day)  Texas  polyps  were  exposed  to 
0.80  /AM  [U-14C]  glycine  for  1  hr  as  described  above,  and  the  CO2  was  collected 
throughout  the  exposure  period.  Other  groups  of  polyps  were  thrice  rinsed  in 
clean  artificial  seawater  following  the  exposure  period  and  transferred  to  un- 
labeled  medium,  and  CO^  was  collected  after  exposure  plus  incubation  periods 
totalling  2,  3,  4,  6  and  8  hr. 

In  another  series  of  experiments,  groups  of  fed  and  starved  Texas  polyps  were 
each  exposed  for  1  hr  to  either  1.28  /AM  [U-14C]  glycine  or  to  1.28  /AM  [2-14C] 
glycine.  Animals  were  incubated  for  5  hr  beyond  the  exposure  period,  during 
which  time  CO2  was  collected  from  all  experimental  groups.  Samples  were  cor- 
rected for  the  specific  activities  of  the  two  labeled  glycine  stock  solutions  in  order 
to  determine  the  relative  contributions  of  the  carboxyl  and  of  the  alpha  carbon  to 
CO-2  production  by  fed  and  starved  polyps. 


14 


Effects  oj  prolonged  starvation 

Seven  groups  of  20  clonal  Texas  scyphistomae  were  fed  ad  libitum  during 
acclimation  to  20°  C.  All  groups  were  then  decontaminated  and  placed  sepa- 
rately in  25  ml  of  Millipore  filtered  artificial  seawater  and  subjected  to  one  of  the 
following  treatments.  Two  groups  ("starved")  were  maintained  at  20°  C  with- 
out food,  the  polyps  being  rinsed  and  sterile  culture  dishes  and  Millipore  filtered 
water  being  changed  daily  for  56  days.  The  third  ( "starved/alanine-exposed"  ) 
and  fourth  ( "starved/glycine-exposed" )  groups  were  similarly  treated,  but  in 
addition  received  0.10  /AM  L-alanine  or  0.80  /AM  glycine,  respectively,  in  the  daily 
renewed  water;  these  concentrations  approximate  those  found  in  estuarine  and 
coastal  waters.  The  fifth  group  ("starved/glucose-exposed")  received  0.27  /AM 
D-glucose,  so  that  while  this  group  had  no  external  nitrogen  source,  it  received 
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approximately  the  same  amount  of  carbon  as  did  the  starved/glycine-exposed 
polyps.  The  sixth  and  seventh  groups  ("fed")  were  fed  twice  weekly  during  the 
entire  8-week  period. 

Buds  produced  asexually  by  all  groups  were  counted  daily  for  the  duration 
of  the  experiment.  All  buds  were  removed  as  soon  as  they  detached  from  the 
parent  scyphistomae,  since  increased  population  density  is  known  to  affect  the 
rate  of  asexual  reproduction  in  Aurelia  polyps  (Coyne,  1973). 

Bacterial  counts  of  the  water  of  each  group  except  the  fed  were  made  on  days 
10,  36  and  56.  One  milliliter  of  culture  water  was  added  to  15  ml  of  medium 
containing  1.5  g  Bacto-Peptone  and  0.5  g  Bacto-Agar  (Difco  Laboratories)  per 
100  ml  of  artificial  seawater.  Appropriate  blanks  were  also  prepared,  and  all 
plates  were  incubated  at  20°  C  for  48  hr.  While  the  plate  method  does  not  give 
an  absolute  count  of  bacterial  cells  per  unit  culture  water  (Wiebe,  1971),  it  pro- 
vides a  relative  basis  for  comparisons  among  experimental  cultures. 

Following  the  56-day  maintenance  period,  polyps  were  placed  in  artificial  sea- 
water  containing  1.5  JU.M  potassium  iodide  and  moved  to  a  27°  C  incubator  to  in- 
duce strobilation,  and  were  examined  daily  for  at  least  14  days. 

Oxygen  consumption  rates 

Several  groups  of  scyphistomae  from  the  clonal  culture  were  fed,  brought  to 
20°  C  and  again  fed.  One  group  was  then  fed  twice  weekly  during  maintenance 
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FIGURE  1.     Uptake  of  [U-14C]  glycine  from  an  initial  concentration  of  0.80  /*M  by  groups  of 

10  Texas  polyps  as  a  function  of  exposure  time. 
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at  this  temperature  for  14  days,  while  the  other  3  groups  were  deprived  of  food 
throughout  this  period.  One  group  of  starved  polyps  was  exposed  to  0.80  /MM 
glycine  during  the  last  20  hr  of  the  food  deprivation  period.  Another  group  of 
starved  animals  was  exposed  to  the  same  concentration  of  glycine  for  1  hr  im- 
mediately prior  to  oxygen  consumption  determinations  and  a  third  group  of 
starved  polyps  remained  unexposed  to  exogenous  glycine. 

Groups  of  50  fed  polyps  were  decontaminated  and  placed  in  Millipore  filtered 
artificial  seawater  at  20°  ±0.1°  C  in  53-ml  vessels  equipped  with  magnetic  stirrers. 
Oxygen  depletion  in  the  sealed  vessels  was  monitored  continuously  with  a  Yellow 
Springs  Instrument  Company  Model  5450  polarographic  electrode  connected  to 
a  Model  54  oxygen  meter.  Following  each  experimental  run,  the  oxygen  con- 
sumption by  the  electrode  alone  was  determined  and  subtracted  from  the  experi- 
mental value.  Identical  procedures  were  followed  in  determinations  of  oxygen 
consumption  rates  in  groups  of  100-150  starved  and  starved/glycine-exposed  polyps. 

Polyps  were  dried  at  the  completion  of  their  respective  runs.  All  oxygen 
consumption  rates  are  expressed  in  terms  of  dry  weight,  and  were  compared 
using  the  Student-Newman-Keuls  test. 

Free  aiuino  acid  pools 

Groups  of  100  fed  and  starved  Texas  polyps  acclimated  to  20°  C  and  30%c 
were  decontaminated  and  homogenized  in  0.5  ml  of  absolute  ethanol  in  an  ice 
bath.  The  homogenate  was  centrifuged  at  20,000  g  for  20  min,  the  pellet  dried 
and  weighed,  an  aliquot  of  the  supernatant  removed  for  determination  of  total 
ninhydrin  positive  substances  (NFS)  according  to  the  method  of  Clark  (1964), 
and  the  remainder  evaporated  to  dryness  in  vacttuo.  The  residue  was  redissolved 
in  \%  HC1  and  subjected  to  ion-exchange  chromatography  on  a  Reckman  120A 
amino  acid  analyzer  using  a  0.2  N  citrate  buffer  at  pH  3.25  and  4.28  on  a  55-cm 
column  of  PA-28  resin  at  55°  C.  Basic  amino  acids  were  not  determined. 

RESULTS 
General 

Glycine  uptake  by  Texas  polyps  is  linear  for  at  least  120  min  (Fig.  1).  An 
exposure  period  of  1  hr  was  therefore  chosen  for  all  uptake  experiments. 

When  considering  all  uptake  experiments  performed,  irrespective  of  tempera- 
ture or  nutritive  state,  the  range  of  dry  weights  of  Texas  polyps  was  0.038-0.080 
mg/polyp.  In  any  one  experiment,  the  dry  weight  of  the  fed  animals  never  ex- 
ceeded that  of  the  starved  by  more  than  a  factor  of  2,  and  a  weight  correction  for 
glycine  uptake  rate  was  not  employed.  Similarly,  the  weight  range  for  Virginia 
polyps  was  0.220-0.310  mg/polyp,  and  no  weight  correction  has  been  made.  Due 
to  the  considerable  difference  in  weight  between  individuals  of  the  2  populations, 
however,  their  weight-specific  glycine  uptake  rates  may  not  be  strictly  comparable, 
and  no  such  comparison  has  been  attempted. 

When  the  activities  of  the  exposure  media,  ethanol  soluble  and  insoluble  ma- 
terials, 14COo.  and  water  and  ethanol  rinses  were  monitored,  recovery  of  radio- 
activity ranged  from  89-103^  with  a  mean  of  95.7%. 
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FIGURE  2.  Acclimated  [U-14C]  glycine  uptake  rates  in  fed  (A)  and  starved  (B)  TYxu- 
polyps.  Each  point  represents  the  mean  of  5  groups  of  10  animals  ±  SD.  Included  in  (A) 
are  values  obtained  in  kinetic  (squares)  and  temperature  acclimation  and  kinetic  (triangles) 
experiments.  Qw  values  given  for  each  temperature  interval. 

Temperature  and  starvation  effects  on  glycine  uptake 

Fed  and  starved  polyps  showed  100%  survival  at  all  acclimation  tempera- 
tures, with  the  exception  of  35°  C  where  the  starved  animals  exhibited  100% 
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Per  cent  of  total  radioactivity  present  as  uCOz  in  recently  fed  Texas  polyps  exposed  to  \_U-UC~\  glycine 
for  1  hr.    (Jio  values  for  each  temperature  interval  given  in  parentheses. 

Temperature 
12°  C  15°  C  20°  C  25°  C  M°  C  35°  C 

0.02  0.05  0.31  0.48  0.66  0.37 

(21.20)         (38.44)         (2.40)  (1.89)  (0.31) 


mortality.  While  polyps  at  10°  C  remained  contracted,  they  gave  no  evidence  of 
cyst  formation,  and  did  not  survive  prolonged  exposure  to  this  temperature.  Feed- 
ing was  observed  at  all  acclimation  temperatures. 

Acclimated  rates  of  glycine  uptake  for  fed  and  starved  polyps  are  shown  in 
Figure  2.  Additional  comparable  values  obtained  in  kinetic  and  temperature  ac- 
climation experiments  are  plotted  in  this  figure,  although  these  data  were  not 
included  in  the  statistical  analyses.  The  acclimated  uptake  rate-temperature  curve 
for  fed  animals  indicates  extreme  thermal  sensitivity  of  uptake  in  the  intervals 
above  the  lower  lethal  limit,  reduced  sensitivity  at  intermediate  temperatures, 
thermal  insensitivity  over  the  range  of  midsummer  temperatures,  and  declining 
uptake  as  the  incipient  high  lethal  level  is  approached.  The  curve  for  starved 
polyps  is  virtually  identical  to  that  of  the  fed  animals,  although  the  stress  of  food 
deprivation  did  not  permit  survival  at  the  highest  temperature. 

Student's  /  tests  revealed  significant  differences  in  glycine  uptake  rates  be- 
tween fed  and  starved  polyps  only  at  12°  and  15°  C  (P  <  0.02;  P  <  0.01,  re- 
spectively). Although  the  gastrovascular  cavities  of  most  animals  were  empty 
of  food  residues  2  days  after  feeding,  it  is  likely  that  a  portion  of  the  12°  C-  and 
15°  C-acclimated  polyps'  weights  was  due  to  unassimilated  and  metabolically 
inactive  materials,  as  evidenced  by  these  polyps'  longer  retention  of  the  color  im- 
parted by  the  carotenoids  of  the  Artemia  nauplii,  leading  to  a  lower  apparent 
weight-specific  uptake  rate,  and  possibly  accounting  for  the  observed  differences. 
Two-way  analysis  of  variance  revealed  no  significant  effect  of  nutritive  state  (P  > 
0.25)  or  of  nutritive  state-temperature  interaction  (P  >  0.50)  on  acclimated 
glycine  uptake  rates,  while  the  effect  of  temperature  was  very  highly  significant 
(P  <  0.001). 

The  per  cent  of  radioactivity  present  as  1(COo  (Table  I),  which  may  be  taken 
as  an  index  of  metabolic  activity,  shows  a  pattern  of  temperature  sensitivity  simi- 
lar to  that  of  glycine  uptake.  For  convenience  of  comparison,  Qio  values  are 
given  for  each  temperature  interval,  but  it  must  be  noted  that  14COo  production 
is  expressed  in  terms  of  relative,  not  absolute,  rates.  The  considerable  increase 
in  the  rate  of  glycine  uptake  in  the  15°  to  20°  C  interval  is  paralleled  by  a  six- 
fold increase  in  relative  14CO2  production  over  this  range  of  temperature.  Like 
glycine  uptake,  14COo  production  declines  above  30°  C,  a  manifestation  of  the 
effects  of  thermal  stress. 
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Temperature  aceliiiiation  of  glycine  uptake  rate 

Acutely  determined  dissolved  glycine  uptake  rates  in  cold  acclimated  (15°, 
17°  C)  and  warm  acclimated  (27°  C)  Texas  scyphistomae,  and  in  similarly  ac- 
climated Virginia  polyps  (omitting  the  15°  C-acclimated  group)  are  shown  in 
Figure  3.  It  is  immediately  apparent  that  both  sets  of  curves  exhibit  the  com- 
paratively rare  pattern  of  reverse  translation  (Prosser,  1964),  wherein  the  curve 
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FIGURE  3.  Acvite  [U-14C]  glycine  uptake  rates  in  Corpus  Christi,  Texas  polyps  (A), 
and  in  York  River,  Virginia  polyps  (B).  Each  point  in  (A)  represents  the  mean  of  5  groups 
of  10  animals  ±  SI);  each  point  in  (B)  represents  the  mean  of  5  groups  of  2  animals  ±  SD. 
Qio  values  given  for  each  temperature  interval. 
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of  the  warm  acclimated  animals  is  displaced  upward  and  to  the  left  of  that  of  the 
cold  acclimated  individuals.  Student's  t  tests  performed  on  acute  rates  in  17°  C- 
and  27°  C-acclimated  animals  within  both  populations  revealed  significant  differ- 
ences (P  <  0.025)  in  all  comparisons  except  the  Virginia  polyps  at  17°  C  (see 
Fig.  3B).  Divergence  between  the  curves  of  the  17°  C-  and  27°  C-acclimated 
polyps  in  both  populations,  as  determined  by  analysis  of  variance,  is  significant 
(Texas  :  P  <  0.005  ;  Virginia  :  P  <  0.01). 

The  acute  measurements  were  made  after  the  acclimated  rates  of  uptake  had 
been  determined.  The  latter  experiments  had  indicated  that  17°  C  was  the 
threshold  below  which  glycine  uptake  rates  in  Texas  polyps  exhibit  extreme  ther- 
mal sensitivity  (Fig.  2A),  and  accordingly,  17°  C  was  chosen  as  the  cold  mainte- 
nance temperature.  Acute  determinations  performed  on  Texas  polyps  maintained 
at  15°  C,  below  the  aforementioned  threshold,  did  in  fact  reveal  a  considerable 
depression  in  uptake  rates  relative  to  the  17°  C-acclimated  animals  (Fig.  3A). 
The  ecological  significance  of  the  17°  C  threshold  is  not  obvious. 

Kinetics  of  glycine  uptake 

The  constants  Kt  and  Vmax  at  each  acclimation  temperature  are  given  in 
Table  II.  Values  of  both  constants  are  directly  related  to  acclimation  tempera- 
ture. The  correlation  coefficients  indicate  a  high  degree  of  linearity  in  regression 
analyses  of  Eadie-Hofstee  plots  of  data  at  all  temperatures,  and  suggest  that  the 
difTusion  component  of  uptake  is  not  large.  The  latter  also  follows  from  the 
large  concentration  gradient  against  which  glycine  is  taken  up  by  the  polyps.  The 
possibility  of  glycine  transport  in  Aurclia  polyps  by  carrier-mediated  exchange 
difTusion  has  not  been  examined,  although  Wong  (1971)  and  Stephens  (1972) 
have  shown  that  this  is  not  the  case  in  other  marine  invertebrates.  When  all 
acclimation  temperatures  and  concentrations  of  labeled  glycine  in  the  media  are 
considered,  the  amount  of  radioactivity  recovered  as  "CO-  and  ethanol  insoluble 
material  ranges  from  0.7-4.3^  of  the  total  uptake;  thus,  the  effects  of  temperature 
on  Kt  and  Vmax  are  genuine  and  not  artifacts  resulting  from  the  metabolic  re- 
moval of  labeled  glycine  from  the  soluble  pool. 

The  Kt  and  Vm;,x  for  glycine  uptake  by  ephyrae  at  27°  C  are  also  given  in 
Table  II.  While  there  is  little  difference  between  polyps  and  ephyrae  in  the 


TABLK  1 1 

Effects  of  temperature  on  K ,  and  \'rnaT  of  glycine  uptake  by  Texas  polyps.  Values  determined  from  linear 

regression  analyses  of  Eadie-Hofstee  plots  of  data. 


Temperature  (°C) 

Kl    (X    10-5  M) 

Vmax 

(n  moles  nig  dry  weight'1  h  ') 

Correlation 
coefficient 

12 

0.79 

1.61 

-0.984 

17 

0.89 

6.49 

-0.967 

22 

1.23 

20.16 

-0.971 

27 

2.35 

39.32 

-0.947 

11  (ephyrae) 

32 

2.49 
3.89 

93.51 
64.13 

-0.925 
-0.963 
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FIGURE  4.  Time  course  of  14CO2  production  by  fed  (circles)  and  starved  (triangles) 
Texas  polyps  following  a  1-hr  exposure  to  [U-UC]  glycine.  Each  point  represents  the  mean 
of  4  groups  of  10  animals  ±  SD. 

values  of  Kt,  ephyrae  have  a  somewhat  higher  weight-specific  Vmax-     The  possible 
significance  of  these  observations  is  discussed  below. 


14 


CO-2  production 

The  time  course  of  14COo  production  by  fed  and  starved  polyps  exposed  to  0.80 
[U-14C]  glycine  is  shown  in  Figure  4.  There  is  no  apparent  difference  in  the 
rate  of  14COo  production  between  the  2  groups  during  the  first  2  hr,  following 
which  there  is  a  large  increase  in  the  rate  of  its  production  by  the  starved  polyps. 
The  total  14CO2  production  by  the  starved  polyps  then  stabilizes  at  a  level 
almost  double  that  of  the  fed  animals,  similar  to  the  results  of  the  longer-term 
incubations  reported  by  Shick  (1973).  Conversely,  the  percentage  incorporation 
of  labeled  glycine  into  ethanol  insoluble  materials  during  the  1-hr  exposure  period 
decreases  after  2  weeks  of  starvation  (Table  III). 
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TABLE  111 

Per  cent  of  total  radioactivity  present  as  ethanol  insoluble  material  in  fed  and  starved  Texas  polyps 

exposed  to  [C/-14C]  glycine  for  1  lir. 


Temperature 

12°  C 

15°  C 

20°  C 

25°  C 

30°  C 

.«°  C 

Fed 

Starved 

1.40 
1.05 

2.18 
0.76 

2.59 
0.69 

2.57 
1.89 

2.03 
1.99 

3.28 

It  was  found  that  82%  of  the  14COo  produced  by  fed  animals  was  derived 
from  the  carboxyl  carbon,  18%  being  derived  from  the  alpha  carbon  (Table  IV). 
In  starved  animals  these  values  are  64%  and  36%,  respectively,  indicating  a  more 
complete  breakdown  of  the  glycine  molecules  taken  up  from  solution  by  these 
polyps.  Corrected  values  for  labeled  ethanol  soluble  and  insoluble  materials  are 
also  given  in  Table  IV ;  chi-square  analyses  revealed  no  significant  differences  be- 
tween fed  and  starved  polyps  in  derivation  of  labeled  carbon  in  these  fractions. 

Effects  of  prolonged  starvation 

Quantitative  effects  of  prolonged  starvation  on  strobilation  and  budding,  with 
and  without  concomitant  exposure  to  dissolved  organic  matter  (DOM),  are  given 
in  Table  V,  as  are  bacterial  counts  of  the  water  from  the  groups  deprived  of 
solid  food.  Survival  during  56  days  of  starvation  was  excellent,  the  figure  of 
97.5%  in  the  "starved"  groups  being  due  to  loss  of  a  single  damaged  polyp  during 
the  first  week. 

Production  of  buds  by  the  fed  polyps  continued  throughout  the  entire  period, 
but  ceased  after  14-15  days  in  all  other  groups.  Likewise,  there  is  little  difference 
among  the  latter  groups  in  total  number  of  buds  produced. 

The  minimum  time  to  strobilation  initiation  (in  this  study,  referring  to  the 
first  evidence  of  either  constriction  or  flattening  of  the  polyp)  after  exposure  to 

TABU-:  IV 

Uptake  of  radioactive  glycine   (Gly)  and  distribution  of  label  among  various  fractions  corrected  for 
specific  activities  of  the  two  radioactive  glycine  stock  solutions,  and  expressed  as  dpm/mg  dr\ 
weight  ±  3D,  where  n  =  3  groups  of  10  Texas  polyps  at  both  nutritive  states  and  glycine 

sources. 


Nutritive 
state 

Fraction 

Radioactive  source 

Derivation  of  1JC 
in  fractions 
(carboxvl-KC  ; 
a-HC) 

[U-i'C]  Gly 

[2-i'C]  Gly 

Fed 
Fed 
Fed 

C02 
EtOH  soluble 
EtOH  insoluble 

648  ±  83 
242,034  ±  9816 
18,901  ±2199 

1  1  5   ±  23 

263,447  ±  18,215 
19,400  ±  743 

(82%;  18%) 
(48%;  52%) 
(50%;  50%) 

Starved 
Starved 
Starved 

CO2 
EtOH  soluble 
EtOH  insoluble 

4112  ±  366 
329,675  ±  23,952 
17,753  ±  2191 

1465  ±  213 
350,659  ±  17,240 
20,250  ±  1188 

(64%;  36%) 

(49%;  51%) 
(47%;  53%) 
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TABLE  V 


Results  of  prolonged  starvation  (56  days  at  20°  C),  with  and  witlioul  concomitant  exposure  to  dissolved 
organic  compounds,  on  strobilation  and  budding  in  Texas  polyps.  See  text  for  discussion  of  quali- 
tative differences  among  groups. 


Fed* 

Starved* 

Starved/ 
alanine 

Starved/ 
glycine 

Starved/ 
glucose 

%  Survival 

100,  100 

95,  100 

100 

100 

100 

(100) 

(97.5) 

Total  buds  produced  by  20 

217,  263 

17,  21 

16 

19 

17 

polyps 

Time  to  1st  observed  strobi- 

3,3 

5,  5 

3 

3 

3 

lation  initiation  (days) 

%  Strobilating 

100,  100 

20,  25 

100 

100 

100 

(100) 

(22.5) 

Ephyrae  produced  per 

3.8,  3.5 

1.0,  1.0 

1.6 

1.2 

1.4 

polyp 

Abnormal  ephyrae/total 

3/77,  4/69 

2/4,  3/5 

5/32 

3/24 

15/27 

ephyrae 

Bacterial  colonies/ml  cul- 

— 

7.4,  6.0 

3.4 

2.8 

4.5 

ture  water  (average  of 

determinations  on  days 

10,  36  and  56) 

*  Data  for  2  groups  of  20  polyps. 

iodide  and  temperature  increase  also  varied  among  the  treatment  groups.  The 
shorter  time  was  observed  in  the  fed  and  the  starved/DOM-exposed  groups,  and 
the  longer  in  the  starved. 

The  most  dramatic  and  informative  difference  among  the  treatment  groups  is 
the  per  cent  of  animals  strobilating.  All  polyps  in  the  fed  and  in  the  starved/ 
DOM-exposed  groups  produced  ephyrae,  while  the  response  was  reduced  to  22.5% 
in  the  starved  animals.  Among  the  groups  deprived  of  solid  food,  ephyra  pro- 
duction was  exclusively  via  monodisk  strobilation  in  the  starved  polyps,  while 
at  least  some  of  the  starved/DOM-exposed  polyps  produced  2  ephyrae.  Typical 
polydisk  strobilae  were  observed  in  the  fed  groups. 

A  high  percentage  of  the  ephyrae  produced  by  starved  and  starved/glucose- 
exposed  polyps  exhibited  severe  developmental  and  morphological  anomalies.  Such 
abnormalities  were  seen  less  frequently  among  fed  and  starved/amino  acid-exposed 
groups.  An  ephyra  was  considered  to  be  abnormal  if  it  had  other  than  the  nor- 
mal 8  bifurcated  marginal  lobes,  or  if  it  was  grossly  misshapen.  The  significance 
of  these  observations  is  considered  below. 

Zobell  and  Feltham  (1938)  presented  evidence  of  bacteria  serving  as  a  food 
source  for  a  number  of  marine  invertebrates,  and  DiSalvo  (1971)  and  Sorokin 
(1973)  have  extended  this  observation  to  corals.  Percival  (1923)  demonstrated 
that  Anrelia  scyphistomae  ingest  carmine  particles  transported  to  the  mouth  in 
ciliated  tracts  on  the  body  surface.  These  lines  of  evidence,  taken  together,  sug- 
gest that  scyphistomae  could  feed  on  bacteria  present  in  the  water  and  such  a 
mechanism,  if  employed  by  the  polyps,  could  overshadow  the  nutritive  role  of  dis- 
solved organic  compounds  suggested  by  the  results  of  the  above  experiments. 
However,  the  daily  changing  of  the  culture  dishes  and  the  Millipore  filtered  water, 
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the  daily  rinsing  of  the  polyps,  and  the  20°  C  maintenance  temperature  kept  bac- 
terial growth  to  comparable  minima  in  the  starved  cultures  (Table  V).  It  does 
not  seem  likely  that  the  minimal  growth  affected  the  experimental  results. 

Oxygen  consumption  rates 

Oxygen  consumption  rates  in  fed,  starved  and  starved/glycine-exposed  polyps 
are  given  in  Figure  5.  The  rates  are  mean  values  for  oxygen  consumption  rates 
over  a  5-hr  period  by  4  groups  of  polyps  at  each  experimental  condition.  At- 
tempts to  correlate  oxygen  consumption  with  increases  in  14COo  production  in 
the  2-4  hr  interval  after  glycine  exposure  (Fig.  4)  proved  inconclusive.  While 
starved  polyps  exposed  to  glycine  for  1  hr  exhibited  no  consistent  increase  in 
oxygen  consumption  in  the  2-4  hr  interval  during  the  continuous  measurements, 
the  rates  were  highly  variable  both  among  groups  and  within  a  given  group  over 
the  time  course  of  the  determinations,  perhaps  reflecting  metabolic  instability  dur- 
ing the  activation  of  catabolic  pathways. 

The  rates  in  the  3  groups  deprived  of  solid  food  are  significantly  lower  than 
the  rate  in  fed  polyps  (P  <  0.001  in  all  cases).  The  rate  in  starved/glycine- 
exposed  (20  hr)  polyps  is  significantly  greater  (F  <  0.05)  than  that  in  the  starved 
scyphistomae.  The  rate  in  starved/glycine-exposed  (1  hr)  polyps  does  not  differ 
significantly  (P  >  0.05)  from  that  in  starved  polyps. 
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FIGURE  5.  Oxygen  consumption  rates  in  4  groups  of  100-150  starved,  starved/glycine- 
exposed  (1  hr),  and  starved/glycine-exposed  (20  hr)  Texas  polyps,  and  in  4  groups  of  50  fed 
polyps.  Values  are  means  ±  SD. 
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Free  amino  acid  pools 

Absolute  amounts  of  acidic  and  neutral  free  amino  acids  (FAA)  in  pools  of 
Aurelia  aurita  scyphistomae  from  Corpus  Christi,  Texas  are  presented  elsewhere 
(Shick,  1974).  The  data  show  a  general  similarity  to  those  for  Aurelia  from 
the  York  River,  Virginia  given  by  Webb,  Schimpf  and  Olmon  (1972),  in  that 
glycine  and  taurine  predominate  and  that  /2-alanine  is  present. 

Reliable  wet  tissue  weights  were  not  obtained,  and  values  are  necessarily  ex- 
pressed in  terms  of  amount  of  amino  acid  per  unit  dry  weight.  While  the  con- 
centrations of  most  FAA  decline  during  2  weeks  of  starvation,  those  of  glycine, 
taurine  and  /2-alanine  increase  from  89  to  154,  29  to  49,  and  23  to  48  nmole/mg, 
respectively.  The  total  FAA  content  (excluding  undetermined  basic  amino  acids) 
increases  from  306  to  343  nmole/mg,  although  the  actual  concentrations  may  be 
more  similar  due  to  increased  tissue  hydration  in  the  starved  polyps. 

DISCUSSION 

This  study  provides  direct  evidence  of  a  nutritional  role  of  dissolved  amino 
acids  at  environmentally  realistic  concentrations  in  starved  Aurelia  aurita  scyphis- 

.  J    M. 

tomae.  In  addition,  substantial  data  regarding  temperature  effects  on  the  uptake 
of  glycine.  and  on  the  kinetics  of  uptake,  are  presented. 

The  temperature  sensitivity  of  glycine  uptake  by  Texas  Aurelia  polyps  (Fig. 
2)  is  similar  to  that  of  other  rate  processes  in  warm-temperate  zone  scyphozoans, 
for  example,  the  pulsation  rate-temperature  curve  for  Aurelia  ephyrae  given  in 
Mangum,  Oakes  and  Schick  (1972),  the  pulsation  R-T  curve  for  Chrysaora  quin- 
quecirrha  medusae  in  Gatz,  Kennedy  and  Mihursky  (1973),  and  the  curves  for 
Aurelia  and  Cassiopea  xamachana  medusae  presented  by  Mayer  (1914).  It  must 
be  noted  that  the  pulsation  rates  in  Aurelia  ephyrae  and  medusae,  and  in  Cassiopea 
medusae,  were  acutely  determined  ;  only  in  the  studies  on  CJirvsaora  medusae  and 
in  the  present  investigation  of  Aurelia  polyps  were  the  animals  acclimated  to  the 
experimental  temperatures. 

Of  considerable  interest  is  the  pattern  of  inverse  temperature  compensation  of 
glycine  uptake  shown  by  the  Texas  polyps  (Fig.  3A).  Such  an  observation  is 
not  unprecedented,  having  also  been  noted  in  the  uptake  of  solutes  by  bacteria 
and  yeasts  (Christophersen,  1967),  and  in  the  accumulation  of  ninhydrin  posi- 
tive substances  by  Mya  arcnaria  (DuPaul  and  Webb,  1970).  The  latter  work, 
however,  involved  apparently  endogenously-derived  materials  accumulated  by  ad- 
ductor muscle  in  response  to  increased  salinity. 

While  Virginia  polyps  exhibit  positive  thermal  acclimation  of  metabolic  rate 
(Mangum  ct  al.,  1972),  they  also  show  a  pattern  of  inverse  compensation  of 
glycine  uptake  (Fig.  3B),  similar  to  that  of  the  Texas  polyps,  and  the  inverse 
compensation  is  therefore  apparently  not  a  latitudinal  phenomenon.  The  in- 
verse compensation  is  not  necessarily  maladaptive.  On  the  contrary,  since  seasonal 
acclimation  of  oxygen  consumption  and  other  metabolic  processes  is  less  than 
perfect  in  scyphozoan  polyps  and  medusae  (i.e.,  Q10  values  >  1.0  [Mangum  et  a!., 
1972;  Gatz  et  al.,  1973]),  it  is  advantageous  for  the  warm  acclimated  animals  to 
have  an  enhanced  rate  of  metabolite  transport. 

The  increasing  affinity  of  the  uptake  system  for  glycine,  indicated  by  the  de- 
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creasing  Kt  values,  as  the  acclimation  temperature  is  lowered  (Table  II)  would 
seem  to  be  an  example  of  seasonal  "positive  thermal  modulation"  as  discussed  by 
Hochochka  and  Somero  ( 1973)  for  enzyme  kinetics.  If  one  accepts  the  premise 
that  the  uptake  of  glycine  is  mediated  by  a  membrane  transport  protein  or  "en- 
zyme" (for  reviews,  see:  Stein,  1967;  Pardee,  1968),  then  the  decreasing  Kt 
values  with  decreasing  acclimation  temperature  may  indeed  he  analogous  to  the 
phenomenon  of  positive  thermal  modulation  described  for  enzyme  kinetics. 

From  the  results  of  the  temperature  acclimation  experiments  already  discussed, 
however,  it  is  obvious  that  the  entire  process  of  glycine  uptake  is  not  strictly 
analogous  to  that  of  enzyme  activity.  The  reasons  for  the  seeming  discrepancy 
between  inverse  temperature  compensation  of  glycine  uptake  and  positive  thermal 
modulation  of  the  affinity  of  the  uptake  system  are  likely  to  be  numerous,  but 
essentially  rest  in  the  fact  that  the  experiments  were  performed  on  intact  ani- 
mals. While  the  transport  system  exhibits  increasing  affinity  for  glycine  as  the 
temperature  is  lowered,  the  total  influx  of  glycine  is  differently  affected,  being 
greater  in  the  warm  acclimated  polyps,  as  evidenced  by  the  inverse  temperature 
compensation  and  by  the  large  temperature  effect  on  Vma.\-  (Table  II).  This  may 
result  from  a  reduced  number  of  available  transport  sites,  due  to  changes  in  mem- 
brane lipid  composition,  or  from  a  diminished  turnover  of  glycine  by  the  carrier, 
in  the  cold  acclimated  polyps. 

Previous  investigators  have  discussed  variation  of  Kt  values  for  amino  acid 
uptake  by  marine  invertebrates  almost  exclusively  with  reference  to  the  animals' 
adaptations  to  the  environmental  free  amino  acid  concentrations  to  which  they  are 
normally  exposed  (Southward  and  Southward,  1972a,  1972b;  Stephens,  1972; 
Dixit,  1973).  The  Kt  value  for  glycine  uptake  by  Aurclia  ephyrae  is  essentially 
the  same  as  that  of  the  polyps  at  the  same  temperature  (Table  II).  If  the  en- 
vironmental FAA  concentration  is  the  principal  determining  factor  for  the  affinity 
of  the  amino  acid  uptake  system,  it  would  appear  that  the  polyp,  which  is  epifaunal 
on  a  variety  of  firm  substrates,  and  the  ephyra,  an  actively  swimming  plankter, 
are  adapted  to  the  same  environmental  glycine  concentration.  The  microstrati- 
fication  of  dissolved  organic  matter  is  poorly  understood  ;  however,  the  difference 
in  DFAA  concentration  is  likely  to  be  greater  between  the  interstitial  water  and 
that  at  the  sediment  surface  than  among  the  latter  and  different  levels  in  the 
water  column.  Analyses  of  water  from  different  microhabitats  are  certainly  neces- 
sary to  clarify  this  point. 

\Vhile  the  above  consideration  is  no  doubt  important  and  perhaps  ultimately 
the  prime  determinant,  the  effect  of  environmental  temperature  on  Kt  values  has 
not  been  considered  heretofore.  The  present  study  has  demonstrated  a  significant 
temperature  effect  on  Kt  values  for  glycine  uptake  by  Aurclia  polyps.  The  values 
at  the  lower  acclimation  temperatures  are  within  the  range  of  Kt  values  for  amino 
acids  given  by  Southward  and  Southward  (1970,  1972a,  1972b)  for  deep  sea 
pogonophorans.  At  the  highest  temperature  they  extend  within  the  range  of  Kt 
values  for  amino  acid  uptake  by  a  variety  of  marine  and  estuarine  invertebrates 
summarized  by  Stephens  (1967)  and  Dixit  (1973).  The  Kt  value  for  glycine 
uptake  by  Chrysaora  quinqnccirrha  scyphistomae  is  19  //,M  (K.  L.  Webb,  personal 
communication),  at  the  middle  of  the  range  of  values  reported  for  Aurclia  polyps 
in  the  present  investigation.  The  Kt  values  summarized  by  Stephens  and  by 
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Dixit,  and  that  reported  by  Webb,  were  determined  at  or  near  room  temperature; 
the  experiments  by  the  Southwards  were  performed  at  4°-6°  C,  and  the  Kt's 
which  they  reported  would  presumably  increase  at  higher  (although  unnatural 
for  their  specimens)  temperatures.  It  becomes  evident  that  intra-  and  interspecific 
comparisons  of  affinities  of  amino  acid  uptake  systems  based  solely  on  known 
environmental  DFAA  concentrations  may  permit  only  an  incomplete  understand- 
ing of  the  implications  of  the  process,  since  a  temperature  effect  on  Kt  is  an  ad- 
ditional modifying  factor  in  eurythermal  invertebrates. 

The  results  of  several  lines  of  experimentation  demonstrate  that  dissolved 
glycine,  at  the  environmentally  realistic  concentration  of  0.80  p.M,  is  a  supple- 
mental nutritional  source  for  starved  Aurelia  aurita  scyphistomae. 

While  polyps  of  Anrclla  are  known  to  be  resistant  to  prolonged  starvation 
( Spangenberg,  1967),  the  degree  of  nutritive  preparation  has  a  demonstrably  pro- 
found effect  on  strobilation  (Thiel,  1962;  Spangenberg,  1967;  Russell,  1970). 
The  results  summarized  in  Table  V  indicate  that  starvation  of  Texas  polyps  for 
56  days  markedly  reduces  the  incidence  of  strobilation.  Of  greater  import  to  the 
present  discussion  is  the  observation  that  this  diminution  of  the  number  of  ani- 
mals strobilating  can  be  abolished  by  exposing  the  polyps  to  environmental  con- 
centrations of  glycine  or  alanine  during  the  period  of  food  deprivation.  Addi- 
tional results  in  Table  V,  as  well  as  qualitative  differences  in  strobilation  (de- 
velopmental anomalies,  meristic  variation  in  ephyrae,  etc.}  between  starved  and 
starved/amino  acid-exposed  polyps,  further  demonstrate  that  dissolved  amino 
acids  are  indeed  a  supplemental  nutritional  source  for  these  animals  during  56 
days  of  starvation  in  the  laboratory. 

It  therefore  seemed  particularly  worthwhile  to  determine  whether  the  im- 
portance of  these  molecules  is  as  a  source  of  reduced  carbon  for  energy-yielding 
metabolism  (i.e.,  as  a  "supplemental  energy  source"),  or  of  nitrogen  for  amino 
and  nucleic  acids,  or  whether  a  combination  of  factors  is  involved.  Accordingly, 
subsequent  experiments  were  performed  in  which  polyps  were  given  dissolved 
glucose  during  the  8-week  food  deprivation  period.  The  concentration  was  ad- 
justed so  that  polyps  in  this  group  had  approximately  the  same  amount  of  carbon 
available  to  them  as  did  the  starved/glycine-exposed  polyps,  the  principal  differ- 
ence being  the  presence  or  absence  of  exogenous  nitrogen. 

Most  importantly,  it  was  found  that  the  diminution  of  the  strobilation  re- 
sponse in  starved  animals  can  also  be  abolished  by  their  exposure  to  dissolved 
glucose.  Thus,  both  nitrogenous  and  non-nitrogenous  substrates  may  exert  a 
sparing  effect  on  endogenous  polyp  materials,  which  are  converted  to  ephyra 
materials  during  metamorphosis. 

Serious  developmental  anomalies  and  meristic  variation  occur  with  a  high 
frequency  in  starved  polyps  and  in  those  receiving  glucose,  but  to  a  much  lesser 
extent  in  starved/amino  acid-exposed  and  in  fed  animals  (Table  V).  That  exoge- 
nous nitrogen  sources  are  necessary  for  normal  metamorphosis  and  development 
is  therefore  obvious,  especially  when  one  recalls  that  the  experimental  animals 
are  genetically  identical.  The  demonstrated  41-260%  increases  in  DNA  per 
polyp  and  probable  continuous  synthesis  of  RNA  and  protein  during  strobilation 
(Black,  1972)  further  emphasize  the  importance  of  nitrogenous  materials  during 
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this  period,  and  may  give  some  insight  as  to  at  what  levels  the  dissolved  organic 
nitrogen  sources  in  the  present  experiment  exert  their  effects. 

The  results  of  this  entire  line  of  experimentation  indicate  that  the  polyp-to- 
ephyra  transformation  is  of  fundamental  importance  in  Aurcfia  anrita,  and  once 
induced  and  initiated,  proceeds  to  its  conclusion  even  under  severe  nutritive  stress. 
These  results  may  also  help  to  explain  a  variety  of  well  known  observations  on 
Aurelia.  Developmental  anomalies  and  meristic  variation  have  heen  studied  in 
Aurelia  medusae  and  ephyrae  at  least  since  1837  (see  discussions  in  Berrill,  1949; 
Thiel,  1959;  and  Russell,  1970).  While  the  possibility  remains  that  much  of 
the  observed  morphological  variation  is  due  to  genetic  differences  among  indi- 
viduals and  to  undetermined  environmental  factors,  the  present  investigation,  using 
clonal  polyps,  has  demonstrated  that  nutritional  conditions  play  an  extensive  role 
in  producing  such  variations.  The  production  of  both  normal  and  abnormal 
(specifically,  those  having  more  than  8  lobes)  ephyrae  by  the  same  well  fed 
strobila,  also  discussed  by  Berrill  (1949)  remains  unexplained,  although  it  is 
apparently  a  fairly  common  occurrence. 

Exposure  of  starved  polyps  to  dissolved  organic  compounds  has  no  effect  on 
the  process  of  budding.  All  groups  of  starved  polyps,  whether  or  not  they  were 
exposed  to  these  compounds,  ceased  budding  after  14-15  days  of  food  deprivation. 
This  cessation  is  reflected  in  the  decreased  percentage  incorporation  of  labeled 
glycine  into  ethanol  insoluble  materials  by  starved  animals  (Table  III,  and  Shick, 
1973).  It  would  not  be  advantageous  for  a  population  of  relatively  sessile  polyps 
to  increase  its  size,  and  hence  its  demand  for  food,  during  periods  of  food  scarcity. 
If  dissolved  amino  acids  and  other  organic  molecules  have  a  supplemental  nutri- 
tional role  or  sparing  effect  on  developmental  processes,  this  role  is  more  likely 
to  be  manifested  in  the  process  of  strobilation,  which  provides  a  means  for  ani- 
mals to  leave  the  local  population  (i.e.,  by  swimming  away  as  ephyrae),  and 
assures  dispersal  of  the  sexual  stage  of  the  life  cycle. 

Aurelia  ephyrae  have  a  higher  weight-specific  V,,,iix  for  glycine  uptake  than 
do  the  polyps  (Table  II  ).  It  is  unknown  whether  this  is  due  to  the  smaller  size 
of  the  former,  to  their  proportionally  greater  surface  area,  or  to  an  increase  in 
the  number  of  carrier  sites  or  turnover  of  glycine.  Whichever  is  the  case,  the 
importance  of  a  greater  uptake  rate  to  the  ephyra,  a  planktonic  larval  stage  with 
limited  nutrient  reserves,  yet  with  a  much  higher  activity  level  and  energy  de- 
mand than  the  sessile  polyp  (Mangum  ct  a/.,  1972),  seems  obvious. 

Oxygen  consumption  by  marine  invertebrates  is  known  to  decline  during  food 
deprivation  (Roberts,  1957;  Vernberg,  1959;  Thompson  and  Bayne,  1972;  Bayne, 
1973a,  1973b;  Newell,  1973;  Wallace,  1973:  and  others),  although  the  time  course 
over  which  this  occurs  is  extremely  variable  among  the  organisms  studied.  Oxy- 
gen consumption  decreases  to  23.9%  of  the  value  in  fed  polyps  in  Aurelia  scyphis- 
tomae  starved  for  14  days  (Fig.  5). 

That  oxygen  consumption  increases  significantly  in  starved  polyps  following 
exposure  to  environmental  concentrations  of  dissolved  glycine  (Fig.  5)  may  fur- 
ther indicate  an  energy-providing  role  of  dissolved  glycine.  While  the  total  glycine 
flux  in  fed  and  starved  polyps  remains  undetermined,  such  an  activation  of  cata- 
bolic  pathways  does  not  seem  likely  if  there  is  a  net  loss  of  material.  The  pos- 
sibility that  the  increase  is  a  reflection  of  the  initiation  of  the  feeding  response 
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by  glycine  (Loeb  and  Blanquet,  1973)  cannot  be  discounted,  although  the  per- 
sistence of  a  higher  rate  of  oxygen  consumption  after  termination  of  20  hr  of 
glycine  exposure  would  seem  to  argue  against  it. 

Qualitative  and  quantitative  analyses  of  the  FA  A  pools  of  fed  and  starved 
polyps  reveal  that  while  the  concentrations  of  most  free  amino  acids  decline,  during 
2  weeks  of  food  deprivation,  there  is  little  change  in  the  internal  FAA  concen- 
tration. This  concentration  is  maintained  largely  by  increases  in  glycine,  taurine 
and  /?-alanine.  These  amino  acids  are  the  principal  constituents  of  the  pools  of 
the  starved  scyphistomae,  and  are  known  to  be  important  in  the  total  osmotic 
concentration  of  the  tissues  of  other  marine  invertebrates.  Their  increased  con- 
centrations in  starved  polyps  may  be  a  compensatory  mechanism  to  maintain  the 
internal  concentration  of  osmotically  active  substances  during  the  utilization  of 
other  amino  acids  in  the  pool.  The  presence  of  /?-alanine  in  the  Texas  scyphis- 
tomae is  also  significant  from  the  standpoint  of  biochemical  divergence  among 
geographically  separated  Anrclia  anrita  populations  (Webb  ct  aL,  1972;  Morales- 
Alamo  and  Haven,  1974;  Sliick.  1974). 

Since  the  internal  free  glycine  concentration  actually  increases  in  polyps  after 
14  days  of  food  deprivation,  and  since  these  animals  take  up  the  same  amount  of 
labeled  glycine  per  unit  body  weight  as  do  fed  animals  (Fig.  2),  then  the  increase 
in  14CC>2  production  by  starved  scyphistomae  (Fig.  4)  does  in  fact  demonstrate 
an  enhanced  catabolism  of  glycine  by  these  animals,  as  tentatively  suggested  by 
Shick  (1973).  The  enhancement  of  glycine  catabolism  by  starved  polyps  is  due 
at  least  in  part  to  the  more  complete  breakdown  of  the  glycine  molecule  by  these 
animals,  as  indicated  by  the  increased  (doubled)  appearance  of  alpha-carbon  label 
in  llCO-2  (Table  IV).  The  lag  in  14CO^  production  by  starved  polyps,  followed 
by  its  rapid  appearance  (Fig.  4),  may  be  a  further  indication  of  the  activation  of 
catabolic  pathways  as  suggested  by  the  oxygen  consumption  determinations.  Since 
the  absolute  and  percentage  glycine  concentration  rises  considerably  in  starved 
polyps,  and  since  the  uptake  of  exogenous  glycine  would  tend  to  accentuate  this 
imbalance,  the  basis  for  the  increased  glycine  catabolism  may  be  the  offsetting 
of  such  an  imbalance. 

The  pathways  of  glycine  catabolism  in  Anrclia  polyps  remain  unclear.  Glycine 
catabolism  does  not  normally  proceed  via  the  citric  acid  cycle  (for  discussion, 
see  Shick,  1973).  In  addition,  unpublished  personal  observations  suggest  that 
while  the  occurrence  of  the  glyoxylate  cycle  in  Anrclia,  as  proposed  by  Raum 
(1970),  cannot  be  discounted,  it  appears  to  be  of  little  quantitative  significance 
in  glycine  catabolism. 

Despite  the  above  facts,  a  large  amount  of  14CO2  is  produced  from  the  alpha 
carbon  of  labeled  glycine  by  Anrclia  scyphistomae.  It  is  now  known  that  the 
oxidative  glycine  cleavage  system  of  ammonotelic  animals  can  produce  COL>  from 
the  alpha  carbon  (Kikuchi,  1973)  and  this  might  account  for  the  observations  in 
the  present  study.  The  predominance  of  carboxyl-carbon  radioactivity  in  the 
14COo  produced  by  fed  polyps  (Table  IV)  indicates  that  the  labeled  glycine  is 
broken  down  primarily  via  decarboxylation,  perhaps  in  a  glycine  cleavage  sys- 
tem, with  the  alpha  carbon  being  channelled  to  the  one-carbon  pool  for  biosyn- 
thetic  processes.  The  increased  production  of  COU>  from  the  alpha  carbon  by 
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starved  scyphistomae  would  provide  additional  reduced  pyridine  nucleotide  for 
increased  energy  production  in  these  polyps. 

Assuming  that  glycine  is  catabolized  via  the  glycine  cleavage  system  and  not 
via  the  citric  acid  cycle  or  glyoxylate  cycle,  then  the  complete  breakdown  of  1 
mole  of  glycine  would  produce  1  mole  each  of  NADH2  and  NADPHo  (Kikuchi, 
1973),  which  would  require  1  mole  of  Oo  for  reoxidation.  The  glycine  uptake 
rate  at  20°  C  from  an  ambient  glycine  concentration  of  0.80  JU,M  could  then  pro- 
vide sufficient  glycine  to  support  approximately  6%  of  the  observed  oxygen  con- 
sumption rate  in  starved/glycine-exposed  polyps.  Glycine,  while  calorically  poor 
relative  to  other  amino  acids,  is  generally  the  most  concentrated  amino  acid  dis- 
solved in  seawater  (Webb  and  Wood,  1966;  Siegel,  1967;  Hobbie,  Crawford  and 
Webb,  1968;  Bohling,  1970;  Andrews  and  Williams,  1971;  Clark  ct  a!.,  1972). 
This  fact,  coupled  with  its  increased  oxidation  during  starvation,  may  enhance 
its  importance  as  a  supplemental  energy  source  for  marine  invertebrates. 

The  long-term  starvation  experiments  (Table  V)  also  demonstrated  the  im- 
portance of  glycine  as  a  source  of  nitrogen.  The  glycine  uptake  rate  in  starved 
polyps  at  20°  C  and  0.80  /AM  glycine  could  provide  about  0.26  fj-g  N  per  starved 
polyp  (average  dry  weight  35  p.g)  during  the  56-day  starvation  period.  Assuming 
that  roughly  1-3%  of  the  dry  weight  of  semaeostome  scyphozoans  is  nitrogen 
(Vinogradov,  1953,  pages  198-199),  this  means  that  starved/glycine-exposed 
polyps  take  up  nitrogen  equivalent  to  25-74%  of  their  total  body  nitrogen  during 
the  starvation  period. 

The  above  calculations  do  not  take  into  consideration  the  amount  of  glycine 
released  by  the  polyps  through  leakage  or  other  means.  Such  information,  while 
difficult  to  obtain  accurately,  is  certainly  necessary  if  the  significance  of  glycine 
uptake  is  to  be  stated  quantitatively. 

It  has  become  apparent  that  a  full  understanding  of  the  significance  of  the 
uptake  of  dissolved  amino  acids  must  take  into  account  a  number  of  factors. 
While  environmental  temperature,  salinity  and  DFAA  concentration  determine 
the  magnitude  and  dynamics  of  the  uptake  of  these  compounds  by  the  animal  in 
question,  nutritive  state  has  a  direct  bearing  on  the  allocation  of  these  materials 
between  catabolic  and  anabolic  pathways.  Comparisons  among  fed,  starved  and 
starved/amino  acid-exposed  Aurdia  aitrita  scyphistomae  have  shown  that  dis- 
solved amino  acids  are  important  in  the  alleviation  of  nutritive  stress  in  these 
organisms,  this  importance  being  manifested  in  biochemical,  physiological  and 
developmental  processes. 
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SUMMARY 

1.  The  temperature  sensitivity  of  glycine  uptake  by  Aiirclia  aurifa  scyphistomae 
from  Corpus  Christi,  Texas  is  similar  to  that  of  other  rate  processes   in   warm- 
temperate  zone  scyphozoans. 

2.  Both  Texas  polyps  and  those  from  the  York  River,  Virginia  show  inverse 
temperature   compensation   of   glycine  uptake ;   the   phenomenon    is   therefore   ap- 
parently not  latituclinally  based. 

3.  The  values  of  Kt  and  Vmi>x  for  glycine  uptake  are  directly  related  to  tem- 
perature between  12°  and  32°   C.     The  increasing  affinity  of  the  glycine  uptake 
system  with  decreasing  temperature  may  be  analogous  to  "positive  thermal  modu- 
lation" of  enzyme-substrate  affinity  in  poikilotherms. 

4.  The  fivefold  increase  in  Kt  between  12°  and  32°  C  indicates  that  environ- 
mental temperature  is  an  important  consideration  in  intra-  and  interspecific  com- 
parisons of  the  affinities  of  amino  acid  uptake  systems  in  marine  invertebrates. 

5.  Eight  weeks  of  food  deprivation  at  20°   C  result  in  a  77.5f/c    reduction   in 
the  number  of  polyps   strobilating  in   response  to   temperature   increase   and   ex- 
posure to  iodide.     This  effect  can  be  abolished  by  exposing  starved  polyps  to  en- 
vironmental concentrations  of  glycine  or  alanine  during  the  starvation  period. 

6.  Exposure  of  starved  polyps  to  dissolved  glucose  during  the  8-week  period 
also   overrides    the    diminution    of   the    strobilation    response.      However,    starved 
and    starved/glucose-exposed    polyps    produce    a    higher    percentage   of   abnormal 
ephyrae  than  do  fed  and  starved/amino  acid-exposed  polyps,  emphasizing  the  im- 
portance of  dissolved  amino  acids  as  nitrogen  sources. 

7.  All  starved  polyps,  whether  or  not  they  are  exposed  to  dissolved  organic 
compounds,  cease  budding  after  14-15  days  of  food  deprivation. 

8.  Oxygen  consumption  declines  to  25.9%  of  the  value  in  fed  polyps  during  2 
weeks  of  food  deprivation.     Exposure  of  starved  polyps  to  dissolved  glycine  pro- 
duces an  increase  in  this  parameter. 

9.  There   is  no  effect  of  2   weeks   of   food   deprivation   on   glycine   uptake   by 
polyps.     However,  starvation  does  produce  an  enhanced  rate  of  glycine  catabolism, 
due  in  part  to  the  increased  production  of  COo  from  the  alpha  carbon  of  the  mole- 
cule.    The  predominance  of  glycine  among  amino  acids  dissolved  in  seawater,  and 
its  increased  oxidation  during  starvation,  may  enhance  its  importance  as  a   sup- 
plemental energy  source  for  marine  invertebrates. 

10.  The  internal  pool  concentrations  of  most  free  amino  acids  decline  during 
2  weeks  of  food  deprivation  ;  the  total  FAA  concentration  of  the  pools   is  little 
affected,  largely  due  to  compensatory  increases  in  glycine,  taurine  and  /3-alanine. 
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In  bivalve  molluscs  there  has  been  physiological  evidence  of  neural  control  of 
ciliary  activity  (Koshtoyants,  Buznikov  and  Manukhin,  1961  ;  Aiello  and  Guideri, 
1964,  1966;  Takahashi  and  Murakami,  1968).  There  has  also  been  histological 
evidence  for  the  innervation  of  ciliated  gill  filaments  (Splittstosser,  1913:  Setna, 
1930;  Aiello  and  Guideri,  1965;  Sweeney,  1968).  Specifically,  in  Mytilns  cdnlis. 
Aiello  and  Guideri  (1965)  have  reported  that  nerve  fibers  from  the  branchial  nerve 
enter  individual  gill  filaments  and  run  beneath  the  lateral  cells.  An  electron  mi- 
crographic  description  of  this  innervation  has  been  given  by  Paparo  (1972). 
Sweeney  (1968)  has  reported  the  presence  of  nerves  in  the  gill  filament  of 
Sphaerium  sitlcatuni.  Grave  and  Schmitt  (1925)  reported  a  bipolar  nerve  cell  sys- 
tem beneath  the  ciliated  epithelium  of  the  gill  in  the  bivalves  Laiiipsilis,  Anodonta 
and  AI\a. 

It  has  also  been  established  in  Al .  cdulis  that  transection  of  the  branchial  nerve 
depresses  ciliary  activity  and  this  activity  was  increased  by  electrical  stimulation 
in  the  intact  animal  or  in  the  gill-nerve-visceral  ganglion  preparation  (Aiello  and 
Guideri,  1964,  1965;  Takahashi  and  Murakami,  1968). 

Other  experimenters  have  proposed  the  concept  of  local  hormonal  control 
employing  acetylcholine  (Bulbring,  Burn  and  Shelly,  1953)  or  serotonin  (Gos- 
selin.  Moore  and  Milton,  1962).  Acetylcholine  has  been  found  to  be  both  a 
positive  and  a  negative  modulator  of  the  frontal  cilia  and  this  effect  is  concen- 
tration dependent  (Bulbring  ct  a!.,  1953;  Aiello  and  Paparo,  1974).  However, 
acetylcholine  esterase  activity  is  largely  localized  in  the  nervous  system  (Bouf- 
fard,  1970)  and  the  response  of  cilia  on  the  gill  to  electrical  stimulation  of  the 
branchial  nerve  is  altered  by  the  administration  of  physostigmine,  a  cholinesterase 
inhibitor  (Aiello  and  Paparo,  1974).  One  might  equally  well,  therefore,  attribute 
to  endogenous  acetylcholine  the  role  of  neurotransmitter,  with  possible  actions 
both  on  ciliated  cells  and  on  elements  of  the  nervous  system. 

Serotonin  was  also  found  to  have  a  cilio-excitatory  and  metabolic  stimulatory 
effect  in  several  lamellibranch  gills,  and  may  be  an  endogenous  regulator  (Gosselin 
ct  al.,  1962;  Schor,  1965;  Sweeney,  1968;  Aiello,  1970).  Its  precursors,  trypto- 
phan  and  5-hydroxytryptophan  have  been  found  in  the  gill  of  M.  cdulis  (Aiello, 
1960,  1962;  Gosselin  ct  al.,  1962) ,  and  the  conversion  of  5-hydroxytryptophan 
to  serotonin  and  further  breakdown  products  has  been  demonstrated  ( Blaschko 
and  Milton,  1960;  Aiello.  1965).  It  is  not  known  exactly  where  these  substances 
are  located  but  Sweeney  (1968)  has  demonstrated  the  occurrence  of  serotonin 

1  This  work  was  supported  in  part  by  a  grant  from  the  U.S.P.H.S.  (ND-07402). 
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and  some  catecholamine  in  gill  filaments  of  S.  snlcatitin  by  tbe  histochemical 
fluorescence  technique. 

A  second  monoamine  implicated  in  tbe  regulation  of  ciliary  activity  is  dopamine. 
The  administration  of  dopamine  to  the  lateral  cilia  results  in  a  cilioinhibition 
(Paparo  and  Aiello,  1970).  Dopamine  has  been  found  in  the  nervous  system  of 
a  number  of  bivalve  molluscs  (Dahl,  Falck,  IJndquist  and  Yon  Mecklenburg, 
1962;  Dahl,  Falck,  Von  Mecklenburg,  Myhrberg  and  Rosengren,  1966;  Sweeney, 
1963,  1968)  and  in  extracts  of  bivalve  gills  (Malanga,  Wenger  and  Aiello,  1972). 

In  M.  cdulis  the  only  report  of  ganglionic  morphology  was  published  in  1887 
by  Rawitz.  He  concluded  that  histologically  the  ganglia  of  M.  cditlis  follow  the 
typical  pattern  for  Pelecypods,  having  a  cortex  surrounding  a  central  neuropile 
and  containing  no  large  cell  bodies  or  fibers  (Rawitz,  1887).  Localization  of 
monoamines  in  invertebrates  became  possible  with  the  advent  of  the  histochemical 
fluorescent  technique  of  Falck,  Hillarp,  Thieme  and  Tor])  (1962).  Yarious  in- 
vestigators have  used  this  technique  successfully  in  bivalves  (Dahl  ct  a!.,  1966; 
Zs.-Nagy,  1968;  Sweeney.  1968). 

The  purpose  of  this  research  was  to  see  if  the  localization  of  the  monoamines 
serotonin  and  dopamine  is  correlated  with  the  control  of  ciliary  activity.  The 
physiological  and  pharmacological  evidence  cited  above  seems  to  call  for  the  dual 
innervation  of  the  ciliated  epithelium  of  J\I.  cdiilis  by  serotonin  and  dopamine  con- 
taining neurons.  It  was  also  of  interest  to  know  more  about  the  central  nervous 
system  itself  such  as  the  distribution  and  interrelationship  of  specific  neurons  in 
the  ganglia  and  the  location  of  cell  bodies  of  neurons  innervating  the  gill  in  the 
hope  of  being  able  to  relate  this  information  to  an  understanding  of  ciliary  control. 
A  preliminary  report  of  some  of  this  work  has  already  been  presented  ( Stefano 
and  Aiello.  1974). 

MATERIALS  AND  METHODS 

Alytilns  cdiilis  was  obtained  from  two  sources  :  some  animals  were  harvested 
from  rocks  in  the  intertidal  zone  of  Pelham  Bay,  Long  Island  Sound,  New  York 
and  some  animals  were  obtained  from  the  Marine  Biological  Laboratory,  Woods 
Hole,  Massachusetts.  The  animals  were  kept  in  artificial  seawater  (Instant  Ocean 
Aquarium  System  )  at  19°  C,  pH  7.5-7.8  and  specific  gravity  1.025. 

Three  criteria  were  used  in  selecting  a  healthy  animal  for  experimentation  : 
(  1  )  it  closed  its  shell  quickly  when  the  siphon  was  touched;  (2)  when  the  foot 
in  the  gaping  animal  was  touched,  it  reflexively  withdrew  it  and  then  closed  the 
valves;  (3)  the  valves  remained  closed  against  a  reasonable  amount  of  force  ap- 
plied to  open  them. 

Treatment  of  whole  animals  with  chemical  agents  was  accomplished  either  by 
injection  or  by  direct  exposure  in  the  bathing  medium.  For  injection,  the  valves 
were  opened  with  a  retractor  and  injection  made  into  the  foot  or  the  posterior 
adductor  muscle  and  sometimes  in  both.  The  animal  was  then  placed  in  a  liter 
beaker  with  300  milliliters  of  seawater  and  its  own  oxygen  source,  but  maintained 
at  the  original  temperature  by  immersing  the  beaker  in  the  main  aquarium.  The 
same  system  was  utilized  for  direct  exposure,  except  that  the  chemical  agent  was 
dissolved  in  the  bathing  medium. 

The  valves  were  forced  open   and   the  posterior  adductor  muscle  cut   midwav 
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between  the  left  and  right  visceral  ganglia.  The  cerebral  ganglia  were  removed 
first.  This  was  done  by  placing  a  relatively  thick  piece  of  paper  under  them  and 
pinning  tissue  around  the  ganglia  to  the  paper.  Then  the  tissue  and  paper  was 
cut  free  and  immersed  in  isopentane  cooled  by  liquid  nitrogen  to  about  -170°  C. 
The  visceral  ganglion  was  removed  with  a  piece  of  supporting  posterior  adductor 
muscle  and  frozen  as  above.  In  some  instances  the  visceral  ganglion  and  asso- 
ciated gill  were  removed  together  for  further  experimentation. 

Frozen  tissues  were  transferred  rapidly  to  the  thermal  plate  of  an  Edwards- 
Pearse  Tissue  Freeze  Dryer  and  dried  for  five  days  at  a  temperature  of  -45°  C 
and  a  vacuum  of  10  3  torr. 

After  this  drying  period  the  tissues  were  gradually  brought  to  room  tempera- 
ture and  the  vacuum  broken  by  the  introduction  of  dry  nitrogen  into  the  chamber. 
The  tissues  were  rapidly  transferred  to  a  steel  grid  over  dry  paraformaldehyde 
in  a  small,  wide-mouthed  jar.  The  paraformaldehyde  was  routinely  stored  /;/ 
vacuo  over  phosphorus  pentoxide  at  room  temperature.  This  jar  was  then  sealed 
by  a  screwr  cap,  placed  in  preheated  oven  and  kept  at  a  temperature  of  80°  C 
for  1.5  hrs. 

Paraffin  to  be  used  for  embedding  was  melted  at  56°  C  and  degassed  in  a 
vacuum.  Small  amounts  were  further  degassed  in  a  container  on  the  thermal 
plate  of  the  tissue  drier  and  allowed  to  cool.  A  pit  was  dug  into  the  wax  and 
the  dry,  paraformaldehyde-treated  tissue  was  placed  in  the  pit.  The  tissue  was 
infiltrated  in  a  vacuum  at  60°  C  for  approximately  one  hour  or  until  bubbles 
ceased  to  appear  from  the  tissue,  which  was  never  more  than  two  hours.  The 
vacuum  was  then  broken  and  the  tissue  transferred  to  fresh  paraffin  for  about 
four  hours  at  60°  C,  then  placed  in  plastic  embedding  blocks  and  solidified  at 
room  temperature. 

Tissues  were  sectioned  on  a  standard  microtome.  The  sections  were  mounted 
on  non-fluorescent  slides  in  Fluoromount  (Fisher)  containing  10r/r  dry  xylene 
or  in  dry  xylene  alone  and  flattened  on  a  hot  plate  at  32°  C. 

Fluorescence  was  observed  with  a  Reichert  Zetopan  fluorescent  microscope 
fitted  with  Mercury  Lamp  HBO  200  W  and  either  bright  field  or  dark  field 
Reichert  condensers.  The  excitation  filters  BG-12  permitted  activation  at  410 
nm  to  440  nm,  and  UV-blue  excluding  filters  GG9  and  GG1  permitted  the  pas- 
sage of  green  fluorescence  from  catecholamine  and  yellow  fluorescence  from  sero- 
tonin reaction  products  (Marsden  and  Kerkut,  1969;  Falck  ct  al.,  1962;  Falck 
and  Owman,  1965).  After  observing  fluorescence  the  slide  was  left  in  place  and 
the  optics  changed  to  phase  contrast  as  an  aid  in  identifying  the  fluorescent  struc- 
tures. Some  sections  were  stained  with  Harris  hematoxylin  and  eosin.  Other 
tissues  were  treated  with  Ramon  y  Cajal's  silver-pyridine  method  (Favorsky,  1930). 

A  single  lens  reflex  camera  (Minolta  SRT  101  )  was  utilized  for  photomi- 
croscopy.  Color  photography  was  done  with  High  Speed  Ektachrome  film  (ASA 
164)  and  processed  commercially.  Black  and  white  photography  was  done  with 
Tri-x  film  (ASA  400)  developed  in  Kodak  D76  and  printed  on  Kodak  Poly- 
contrast  F  or  Kodabromide  F-2  paper. 

Autofluorescence  was  differentiated  from  specific  fluorescence  by  comparing 
paraformaldehyde  treated  tissue  to  untreated  tissue  ;  fluorescence  common  to  both 
was  termed  autofluorescence.  Yellow  autofluorescence  was  further  differentiated 
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from  specific  serotonin  fluorescence  in  that  the  flnorophore  of  serotonin  fades 
rapidly  while  autofluorescence  remains.  A  specific  test  developed  by  Corrodi, 
Hillarp  and  Jonsson  (1964)  was  also  used  in  which  the  section  on  the  slide  was 
partially  hydrated  and  treated  with  0.03%  sodium  borohydride  for  two  minutes 
and  then  re-examined  under  the  fluorescence  microscope.  Autofluorescence  re- 
mained but  the  specific  fluorescence  was  reduced  by  sodium  borohydride  to  a  non- 
fluorescent  product.  Specific  fluorescence  was  regained  by  resubjecting  the  slide 
to  the  paraformaldehyde  treatment. 

OBSERVATION  AND  RESULTS 

Gross  anatomy 

The  structures  in  the  nervous  system  of  Alvtilns  ednlis  examined  in  this  in- 
vestigation were  the  cerebral  and  visceral  ganglia,  the  cerebrovisceral  connective 
and  the  branchial  nerve  and  its  subdivisions.  Our  description  is  in  essential  agree- 
ment with  that  of  Field  (1922)  except  that  he  could  not  trace  nerve  fibers  from 
the  branchial  nerve  into  the  individual  gill  filaments.  All  indications  are  that 
M.  ednlis  is  bilaterally  symmetrical  throughout  the  animal  and  that  our  descrip- 
tions apply  equally  well  to  either  side. 

The  cerebral  ganglia  are  narrow  bodies  with  their  long  apices  pointing  poste- 
riorly. They  lie  on  the  ventral  side  of  the  esophagus  4  to  6  mm  apart  and  united 
by  a  commissure.  Each  ganglion  is  about  2  mm  in  length  and  1  mm  wide  at  its 
base.  The  thickness  varied  but  appeared  to  be  approximately  0.5  mm  at  most. 
Tn  some  specimens,  there  was  an  orange-red  pigment  on  its  outer  ventral  surface 
of  each  ganglion. 

The  posterior  trunk  of  each  cerebral  ganglion  passes  backward  and  outward 
across  the  ventral  side  of  the  anterior  retractor  muscle.  At  the  lateral  side  of 
the  anterior  retractor  muscle  the  trunk  divides  into  two  separate  components,  the 
cerebrovisceral  and  the  cerebropedal  connectives.  The  cerebrovisceral  connective 
turns  upward  and  continues  in  a  posterior  direction  traveling  along  the  lateral 
surfaces  of  the  posterior  retractor  muscles  and  terminating  in  the  visceral  ganglion 
on  that  side. 

The  visceral  ganglia  are  situated  on  the  anterior  ventral  surface  of  the  posterior 
adductor  muscle  close  to  the  area  where  the  gills  are  suspended.  Each  ganglion 
gives  rise  to  several  nerves.  The  branchial  nerve  leaves  the  posterior  lateral 
side,  runs  obliquely  ventrally  and  posteriorly  to  the  base  of  the  gill  and  sends  a 
large  number  of  fine  fibers  into  the  gill  axis  on  that  side  of  the  animal. 

Histolotjy,  cells  of  the  cortc.v 

Tissues  stained  by  the  standard  hematoxylin  and  eosin  procedure  revealed  the 
typical  structural  organization  of  the  ganglia  (Eig.  1).  The  largest  nerve  cell 
bodies  were  approximately  15  p.  in  diameter  but  the  majority  tended  to  be  about 
9-11  p.  in  diameter.  There  were  also  various  types  of  smaller  cells  situated  around 
the  larger  ones.  The  nerve  cell  bodies  in  both  the  cerebral  and  visceral  ganglia 
were  found  to  contain  a  granular  cytoplasm  with  many  inclusions,  the  largest  of 
which  were  approximately  1  ^  in  diameter.  The  nerve  cells  were  almost  ex- 
clusively unipolar,  having  an  approximately  spherical  cell  body  and  a  single  grad- 
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ually  tapering  cell  process.  Through  the  use  of  Ramon  y  Cajal's  silver-pyridine 
method,  which  stained  fine  fibers,  varicosities,  and  endings  with  a  darker  inten- 
sity, the  cortex  was  found  to  he  an  area  rich  in  terminal  varicosities. 

In  general,  the  cells  of  the  cortex  appeared  to  he  concentrated  toward  the 
ganglion's  ventral  surface.  They  were  not  uniformly  distributed  concentrically 
within  the  cortex,  hut  were  grouped  into  clusters. 

Neiiropile  region 

In  both  the  visceral  and  cerebral  ganglia  a  few  nerve  cell  bodies  were  found 
in  the  neuropile  region.  These  nerve  cell  bodies  appeared  to  be  extensively  in- 
nervated as  indicated  by  the  specific  staining  of  endings  on  their  surface.  The 
silver-pyridine  method  clearly  showed  how  the  process  of  the  nerve  cell  body 
tapered  as  they  extended  from  the  body.  The  neuropile  region  offered  a  tangled 
appearance  so  that  following  an  individual  fiber  for  more  than  15  ^  was  impossible. 
The  fibers  in  the  neuropile,  however,  did  appear  to  possess  some  organization  as 
shown  by  the  presence  of  nerve  tracts. 

Connective  tissue  slieatJi 

The  connective  tissue  sheath  in  M.  edidis  not  only  covered  the  ganglia  but 
also  the  connectives  and  nerves  which  emanated  from  the  ganglia.  Nerve  cell 
bodies  of  the  ganglia  continued  into  the  beginnings  of  the  nerves  originating  from 
the  ganglia,  and  these  were  found  to  be  especially  close  to  the  sheath.  By  the 
use  of  the  silver-pyridine  method,  nerve  fibers  were  shown  to  be  present  in  the 
sheath  itself.  No  muscle  fibers  were  observed  there. 

Fluorescent  structures  in  the  cerebral  ganglion 

In  the  cerebral  ganglion  specific  yellow  fluorescence  was  found  in  nerve  cell 
bodies  of  9  to  14  p  diameters  located  in  the  cortex  (Fig.  2).  Many  of  these  cells 
were  radially  oriented  and  closely  associated  with  the  connective  tissue  sheath  but 
a  few  were  scattered  throughout  the  cortex.  The  sheath  had  within  itself  yellow 
fluorescing  granules,  most  of  which  seemed  to  be  connected  by  fine  yellow  fibers, 
thereby  constituting  a  network  of  varicose  fibers  (Fig.  2}.  Many  of  the  nerve 
cell  bodies  in  the  ganglion  cortex  did  not  fluoresce  (Fig.  2).  In  the  neuropile 
region  of  the  cerebral  ganglion  there  were  no  yellow  fluorescing  cell  bodies,  but 
there  were  yellow  granules,  which  gave  the  appearance  of  beads  or  varicose  fibers. 
The  distinction  between  granules  and  cell  bodies  had  to  be  made  under  a  100  X, 
oil  immersion  lens.  There  were  also  fine,  yellow,  varicose  fibers  in  both  the 
neuropile  and  the  cortex. 

The  cerebral  ganglion  also  contained  green  fluorescing  nerve  cell  bodies  (Fig. 
3)  which  for  the  most  part  were  slightly  smaller  in  diameter  than  those  emitting 
yellow  fluorescence  (Fig.  2).  They  were  found  in  the  cortex  but  not  as  close 
to  the  connective  tissue  sheath  as  the  yellow  fluorescing  cells.  The  green  fluores- 
cence was  not  restricted  to  small  intracellular  granules  but  appeared  to  be  ho- 
mogeneous in  its  distribution  (Fig.  3).  The  neuropile  was  extremely  rich  in 
green  fluorescing  fibers. 
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Fir.rkK  1.  Hematoxylin  and  eosin  .stained  section,  7  M  tlnck.  of  the  cerebral  ganglion 
showing  representative  appearance  of  neuropile  (X),  cortex  (C)  and  thin  connective  tissue 
sheath  (S).  Scale  liar  =  10  /u. 

Fi<;ri<K  2.  Fluorescent  photomicrograph  of  outer-part  of  the  sheath  and  cortex  of  the 
cerebral  ganglion  showing  cells  packed  with  yellow  fluorescing  granules  interspersed  with 
non-fluorescing  cells  MM;  (cells  were  identified  hy  phase  contract  microscopy  of  same  prepa- 
ration). The  sheath  contains  yellou  Huorescing  fihers  and  granules  of  similar  appearance 
hut  no  cells.  Scale  bar  =  5  /u. 

Fidi'KK  3.  Cross  section  ot  visceral  ganglion  showing  groups  of  green  fluorescing  cells 
((j)  clustered  at  the  periphery,  especially  on  the  ventral  side  (bottom  of  picture).  High 
magnification  never  reveals  discrete  granules,  as  with  yellow  fluorescing  cells  (Y).  but  bo- 
mogoneous  green  fluorescence.  A  few  granules  and  fibers  of  the  neuropile  are  ycllo\\,  the 
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Fluorescent  structure  in  the  visceral  ganglion 

The  visceral  ganglion  contained  only  a  te\v  vellow  fhiorescing  nerve  cell  bodies, 
these  being  11  to  14  p,  in  diameter.  Some  ve!!o\\-  Fibers  \\-ere  associated  with 
both  the  cerebrovisceral  connective  and  the  branchial  nerve.  Yellow  fibers  were 
also  seen  in  the  predominantly  green  cortical  region  and  neuropile  along  with 
yellow  fluorescent  beads  previously  described.  The  majority  of  the  beads  were 
present  in  the  neuropile,  while  onlv  a  few  were  in  the  cortex. 

The  visceral  ganglion  cortex  contained  many  green  fluorescing  cell  bodies 
(  Fig.  4)  most  of  which  were  10-12  /t  in  diameter  and  exhibited  a  homogenous 
green  fluorescence.  Processes  could  be  seen  to  emanate  from  the  nerve  cell  bodies. 
Green  fillers  could  be  seen  in  the  cerebrovisceral  connective  and  in  the  origin  of 
the  branchial  nerve. 

Also  present  in  the  visceral  ganglion,  especially  in  summer-harvested  animals, 
was  an  orange  auto- fluorescent  pigment.  This  pigmented  material  was  highly- 
clustered  in  one  area  of  the  visceral  ganglia  and  very  little  was  found  outside 
this  area.  The  pigmented  cells  were  glandular  in  appearance,  no  processes  were 
observed.  In  summer  animals,  this  pigment  was  in  the  cerebral  ganglia  also. 
Some  orange  fluorescing  pigment  was  also  found  intracellularly  within  the  nerve 
cell  bodies. 


Fluorescent  structures  in  peripheral  nerve 

The  branchial  nerve  contains  both  yellow  and  green  fluorescing  fibers  as  well 
as  the  yellow  bead-like  structures  mentioned  earlier.  Along  its  length,  the  branchial 
nerve  gives  off  many  branches  which  run  in  the  gill  axis.  One  such  branch  could 
be  traced  in  the  gill  axis  and  was  seen  to  have  further  divisions  leading  into  the 
individual  gill  filaments  (Fig.  5).  The  branches  entering  the  gill  filament  could 
be  followed  for  some  length,  but  once  coming  into  the  vicinitv  of  the  supporting  rod, 
they  would  appear  to  merge  with  it.  The  fluorescence  of  these  branches  of  the 
branchial  nerve  and  elements  of  it  that  enter  the  gill  filament  appeared  to  be 
made  up  of  green  and  yellow  fibers.  It  was  difficult  to  tell  whether  there  was  a 
mixing  of  the  amines  in  one  nerve  fiber  or  there  were  two  types  of  fibers,  each 
emitting  its  own  fluorescence.  Essentially  what  was  occurring  was  a  kind  of 
masking  effect  which  prevented  the  resolution  of  individual  fibers  and  colors. 

The  supporting  rod  within  the  individual  gill  filaments  exhibited  specific  green 
fluorescence  which  disappeared  with  sodium  borohydride  treatment.  The  epi- 
thelial cells  in  the  gill  filament  had  no  specific  fluorescence.  Nucleated  blood  cells 
were  found  not  only  within  the  blood  sinus  but  between  epithelial  cells  of  the 
gill  filament.  These  blood  cells  exhibited  a  specific  yellow  fluorescence  originat- 
ing from  granules  within  their  cytoplasm  and  could  be  clearly  identified  as  blood 

majority  are  green  and  nonfluorescent.     The  sheath   (S)   lias  both  yellow  and  .ureen  fluorescing 
granules  and  fibers.     Scale  bar  = :    50  /z. 

Fua-RE  4.  Longitudinal  section  through  the  cerebral  ganglion  ( CG)  seven  days  after 
cutting  the  cerebrovisceral  connective  (CVC).  The  fluorescence  is  intensely  yellow  with 
no  detectable  green.  High  magnification  fails  to  reveal  the  discrete  yellow  fluorescing  gran- 
ules seen  in  the  control  animals;  the  cells  now  being  filled  with  intensely  fluorescent  material. 
Scale  bar  =  50  ^. 
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FIGURE  5.  A  fluorescent  photomicrograph  of  a  section  through  the  gill  axis  at  the  origin 
of  several  filaments.  A  branch  of  the  branchial  nerve  (BN)  gives  off  one  or  more  individual 
fibers  (arrows)  to  each  filament.  Within  the  filament  the  fibers  are  weakly  visible  against 
the  faintly  green  supporting  rod  (R).  Scale  bar  =  50  /JL. 

FIGURE  6.  Section  of  cerebral  ganglion  two  days  after  the  intramuscular  injection  of 
serotonin.  All  cells  (C)  and  fibers  (F)  and  the  sheath  (S)  fluoresce  yellow,  indicating  the 
relatively  indiscriminate  uptake-  of  the  amine.  Scale  bar  =  20  /j.. 

FIGURE  7.  Section  of  cerebral  ganglion  from  reserpinized  mussel.  Despite  low  level  of 
green-yellow  fluorescence  prolonged  photographic  exposure  reveals  an  indiscriminate  distri- 
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cells  by  their  appearance,  location,  and  lack  of  processes  or  attachment  to  any 
other  cell. 


D enervation  experiments 

Animals  used  for  these  experiments  had  their  valves  held  open  with  a  retractor. 
The  cerebrovisceral  connective  on  one  side  was  cnt  about  0.5  cm  from  the  visceral 
ganglion.  After  this  operation,  the  animals  were  placed  in  open-ended  glass  tubes 
covered  with  muslin  and  returned  to  the  tank  for  seven  days. 

Eight  animals  appeared  relatively  healthy  at  the  end  of  the  seven-day  period 
and  were  prepared  as  described  above.  The  cerebral  ganglion  was  observed  to 
have  enhanced  yellow  fluorescence  (Fig.  6).  Many  more  cell  bodies  (10-11  ,u, 
in  diameter)  emitted  the  yellow  fluorescence.  The  fluorescence  intensity  increased 
so  greatly  that  the  individual  yellow  fluorescing  inclusions  could  not  be  distin- 
guished. The  neuropile  region  appeared  to  contain  very  little  green  fluorescence. 
At  the  beginning  of  the  cerebrovisceral  connective  many  more  yellow  fluorescing 
beads  could  be  found.  Also,  the  connective  tissue  sheath  exhibited  an  enhanced 
yellow  fluorescence. 

By  contrast,  the  visceral  ganglion  in  general  exhibited  an  enhanced  green 
fluorescence.  In  the  cortex  region,  this  was  due  to  enhanced  green  fluorescence 
from  the  nerve  cell  bodies.  Due  to  the  high  concentration  of  green  fibers  in  the 
neuropile,  a  yellow-green  fluorescence  was  actually  obtained.  This  yellow-green 
fluorescence  was  due  to  the  presence  of  green  fibers  only,  as  demonstrated  by 
taking  thinner  sections.  In  the  neuropile  region  there  was  usually  a  very  good 
supply  of  varicose  fibers  wrhich  appeared  as  lightened  areas  in  the  green  mesh, 
but  in  the  denervated  animal  these  yellow  varicose  fibers  were  greatly  reduced 
in  number. 

A  close  look  at  the  transected  ends  of  the  cerebrovisceral  connective  also  proved 
interesting.  On  the  cerebral  ganglion  side  of  the  transection  there  was  an  ac- 
cumulation of  the  yellow  fluorescing  beads  and  an  absence  of  green  fluorescing 
fibers.  On  the  visceral  ganglion  side,  the  connective  appeared  to  contain  enhanced 
green  fluorescence,  especially  at  the  cut  surface  (Fig.  7),  and  no  yellow  beads. 
These  results  were  quite  dramatic  when  compared  to  the  cerebrovisceral  connec- 
tive of  control  animals.  This  normally  contains  both  green  fibers  and  yellow 
beads  distributed  evenly  throughout  the  length  of  the  connective.  The  distribution 

bution  of  fluorescence  throughout  the  cortex  (C),  neuropile  (N)  and  sheath  (S)  with  no 
indication  of  discrete  granules  or  varicosities.  Scale  bar  =  20  /u. 

FIGURE  8.  Green  fluorescing  cells  of  the  cerebral  ganglion  in  an  area  that  contained  no 
yellow  fluorescence.  The  fluorescence  is  diffuse  throughout  the  whole  cell.  These  cells 
comprise  the  fluorescent  group  in  the  center  of  the  photomicrograph  but  many  appear  rela- 
tively isolated  from  each  other.  Scale  bar  =  20  ,u. 

FIGURE  9.  Section  through  seven-day  transected  cerebrovisceral  connective,  showing 
the  accumulation  of  intensely  fluorescing  green  material  on  the  visceral  ganglion  side  of  the 
cut  (arrow).  Scale  bar  =  20  /j.. 

FIGURE  10.  A  portion  of  the  cerebral  ganglion  after  two  days  exposure  of  whole  animals 
to  nialamide  in  the  bathing  medium.  Cells  and  fibers  show  enhanced  fluorescent  intensity 
of  either  yellow  or  green,  and  more  than  the  usual  number  of  cells  appear  to  be  fluorescent. 
Scale  bar  =  20  /*. 
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of  orange  pigment  with  the  cerebrovisceral  connective  seemed  unaffected  by  the 
tran section  experiments. 

The  gills  from  these  animals  were  also  examined  hut  did  not  appear  to  have 
been  affected  by  the  transection.  Both  green  and  yellow  fluorescing  elements  were 
present  and  seemed  quite  normal  in  their  appearance  and  distribution. 

Pharmacological  agents 

Two  animals  were  each  injected  in  the  posterior  adductor  muscle  and  basal 
portion  of  the  foot  with  a  total  of  1  mg  of  serotonin  in  a  volume  of  0.2  ml.  They 
were  then  placed  in  a  beaker  containing  300  ml  of  artificial  sea  water  in  the  regu- 
lar tank  for  temperature  control  and  continuously  aerated. 

After  two  clays  they  were  prepared  as  described  above.  There  was  enhanced 
yellow  fluorescence  in  both  ganglia  in  the  nerve  cell  bodies,  in  the  neuropile,  and 
in  the  sheath,  indicating  an  ability  to  incorporate  this  exogenous  supply  of  sero- 
tonin (Fig.  8).  The  cerebral  ganglia  had  greater  fluorescent  intensity  than  the 
visceral  ganglia,  which  appeared  duller  yellow.  The  yellow  fluorescence  of  these 
cells  after  loading  was  homogenous  in  its  intracellular  appearance  contrary  to  its 
normal  localization  in  granules.  In  the  gill  axis  the  branches  of  the  branchial 
nerve  exhibited  an  enhanced  yellow  fluorescence  but  fibers  in  the  individual  fila- 
ments appeared  normal.  Where  the  fibers  of  the  branchial  nerve  entered  the 
gill  filament,  the  intensity  of  the  fluorescence  was  normal. 

Dopamine  was  prepared  and  administered  to  two  animals  exactly  as  in  the 
serotonin  experiment.  The  animals  were  kept  as  described  above  for  two  days. 
The  results  were  similar  to  those  described  for  serotonin,  except  that  the  cells, 
nerve  fibers,  and  sheath  emitted  greatly  enhanced  green  fluorescence.  In  thick- 
sections  the  neuropile  of  the  visceral  and  cerebral  ganglia  gave  a  dull  yellow 
fluorescence  as  a  result  of  the  concentration  effect  of  excess  dopamine  ( Falck 
and  Owman,  1965).  The  gill  filaments,  however,  tended  to  have  a  greater  green 
distribution.  The  specific  green  fluorescence  was  not  just  confined  to  the  sup- 
porting rod  as  in  the  normal  tissue,  but  was  also  seen  in  the  epithelial  cells. 

Four  different  animals  were  each  injected  with  2  mg  of  reserpine  in  0.1  ml 
volume  and  kept  for  two  days  as  described  above.  There  was  depletion  of  the 
monoamines  as  indicated  by  a  decrease  in  fluorescence  intensity.  The  exact  dis- 
tribution of  fluorescence  was  obscured  by  a  blurring  effect,  apparently  the  result 
of  amine  release  from  its  storage  sites  (Fig.  9).  This  was  observed  directly  and 
is  not  simply  due  to  the  long  exposure  time  required  for  photomicrography  of 
depleted  tissue.  It  was  difficult  to  properly  discern  the  color  green  from  the  color 
yellow.  The  connective  tissue  sheath  increased  in  fluorescence  indicating  that  it 
has  the  ability  to  pick  up  the  released  amines. 

The  monoamine  oxidase  inhibitor  nialamide  was  used  to  enhance  intracellular 
pools  of  specific  monoamine  fluorescence.  Two  animals  were  bathed  in  an  instant 
ocean  solution  that  contained  1.3  mg  of  nialamide  per  ml  solution  for  two  days. 
In  the  cerebral  ganglia  there  was  an  increase  in  the  yellow  and  green  fluorescence. 
The  yellow  vesicles  in  the  nerve  cell  bodies  located  in  the  cortex  increased  both 
in  number  and  in  the  intensity  of  fluorescence.  There  was  also  obvious  increases 
in  the  number  of  fluorescing  cells  (Fig.  10).  The  intensity  of  green  fluorescence 
of  the  neuropile  was  also  enhanced. 


MONOAMINE  LOCALIZATION  IN  M.  EDUL1S  151 

The  effect  on  the  visceral  ganglion  was  less  pronounced  except  in  the  cortical 
region  where  the  brightest  green  fluorescence  was  obtained.  There  was  also  an 
increase  in  the  concentration  of  the  non-specific  orange  pigment  described  earlier. 

The  gill  appeared  to  have  an  enhanced  but  more  diffuse  green  fluorescence. 
Several  yellow  fluorescing  structures,  such  as  blood  cells  and  granules  in  the 
epithelium,  also  exhibited  greater  fluorescence.  The  green  supporting  rod  could 
be  seen  in  each  gill  filament  but  not  as  clearly  as  in  the  normal  gill  because  sur- 
rounding tissue  also  fluoresced  green. 

DISCUSSION 

The  foregoing  description  is  in  general  agreement  with  those  of  previous  au- 
thors regarding  the  arrangement  of  cell  bodies  into  groups  within  the  cortex  and 
nerve  fibers  into  tracts  within  the  neuropile  (Rawitx,  1887),  the  presence  of  dis- 
tinctly green  or  yellow  fluorescing  cells  and  fibers  (Dahl  ct  al.,  1966),  the  pre- 
dominance of  green  fluorescence  in  the  visceral  ganglion  and  of  yellow  fluores- 
cence in  the  cerebral  ganglion  (Dahl  ct  a!.,  1966;  Sweeney,  1968),  and  the  ab- 
sence of  any  large  cells  such  as  those  found  in  many  gastropods  but  not  yet  found 
in  bivalves. 

The  specificity  of  yellow  fluorescence  from  the  serotonin  fluorophore  seems 
well  established  (Falck  and  Owman.  1965)  and  the  histofluorescent  localization 
of  this  amine  in  the  nervous  system  and  gill  of  M.  cdulis  is  in  agreement  with  its 
detection  there  by  various  chemical  means  (Welsh  and  Morehead,  1960;  Aiello, 
1960,  1962).  Identification  of  the  green  fluorescing  fluorophore  as  that  of  dopa- 
mine  rests  on  several  observations.  Sweeney  (1963)  found  high  concentrations 
of  dopamine  but  no  epinephrine  or  norepinephrine  in  the  ganglia  of  M.  cdulis  and 
six  other  bivalve  species  and  Malanga  ct  al.  (1972)  found  an  abundance  of  dopa- 
mine but  only  traces  of  norepinephrine  in  extracts  of  M.  cdulis.  In  the  present 
experiments,  treatment  with  formaldehyde  vapor  at  80°  C  for  3  hours  instead  of 
the  usual  1  hour  did  not  increase  the  extent  or  intensity  of  fluorescence  even 
though  it  would  have  brought  out  fluorescence  due  to  a  secondary  amine.  such 
as  epinephrine,  had  it  been  present  (Falck  and  Owman,  1965).  This  kind  of 
identification  has  been  made  for  dopamine  in  Anodonta  cycpica  (Zs.-Nagy,  1968), 
Anodonta  piscinalis  (Dahl  ct  al..  1966)  and  Sf>isit!a  solida  (Cottrell,  1968)  but 
not  for  the  green  fluorescence  in  Sphaerium  sitlcatitnt  (Sweeney,  1968)  or  Elliptio 
coinplanata  (Paparo,  1972),  but  it  is  likely  that  dopamine  is  the  only  catecholamine 
present  in  physiologically  significant  amounts  in  bivalve  nervous  systems. 

The  present  data  clearly  establishes  the  presence  of  dopaminergic  and  sero- 
tonergic  innervation  of  the  gill  of  M.  cdnlis  in  agreement  with  the  pharmacological 
findings  described  in  the  introduction.  Individual  green  and  yellow  fibers  can 
be  distinguished  in  the  branchial  nerve  and  in  some  of  the  small  branches  which 
it  sends  into  the  gill  filaments  as  it  runs  anteriorly  in  the  gill  axis.  Paparo  (1972) 
reported  finding  only  weakly  green  fluorescing  fibers  in  the  gills  of  M.  cdulis  and 
E.  complanatns,  and  Sweeney  (1968)  reported  only  yellow  fluorescing  fibers  in 
the  gill  filaments  of  5".  sitlcatiun.  Paparo  (1972)  also  presented  clear  electron 
micrographs  of  nerve  fibers  lying  in  indentations  of  the  ciliated  epithelial  cells 
and  closely  apposed  to  the  underlying  supporting  rod.  In  the  present  work,  longi- 
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tudinal  sections  revealed  the  presence  of  green  and  yellow  fibers  in  this  region 
but  did  not  show  the  epithelial  cells  in  the  kind  of  orientation  that  allowed  un- 
equivocal identification  as  to  type.  In  cross  section,  specifically  fluorescing  specks 
could  only  be  seen  in  some  sections,  probably  when  the  section  contained  a  vari- 
cosity,  and  these  were  predominantly  in  the  anterior  portion  of  the  filament  where 
the  ciliated  cells  are  located  but  the  exact  point  of  innervation  could  not  be 
determined. 

Experiments  with  dopamine,  serotonin  and  nialamide  indicated  that  the  sup- 
porting rod  can  take  up  dopamine  and  opens  up  the  possibility  that  its  normal 
green  fluorescence  is  due  to  the  absorption  of  dopamine  released  from  adjacent 
nerves  during  preparation  of  the  tissue.  The  same  thing  could  have  occurred 
with  serotonin  in  Sweeney's  work  since  the  yellow  fiber  he  describes  is  too  large 
in  diameter  to  be  the  fine  fibers  seen  in  electron  microscopy.  Although  endog- 
enous dopamine  seems  to  be  confined  to  the  nerves  and  possibly  the  supporting 
rod  in  Al.  cdiilis,  serotonin  is  found  not  only  in  the  nerves  but  in  the  eosinophilic 
blood  cells  and,  if  nialamide  is  used  to  prevent  its  oxidation,  in  the  epithelial  cells 
of  the  gill.  The  blood  cell  serotonin  responds  to  reserpine,  nialamide,  and  exoge- 
nous serotonin  as  does  the  serotonin  in  the  nervous  system.  Contrary  to  the 
report  of  Paparo  (1972)  we  found  no  nerve  cell  bodies  in  the  gill  despite  exten- 
sive searching,  and  we  believe  that  without  careful  comparison  of  morphology, 
staining  characteristics  and  relation  to  other  cells,  these  serotonin-containing  blood 
cells,  which  are  wandering  amoebocytes  and  sometimes  send  out  long  pseudopods, 
may  be  mistaken  for  nerve  cell  bodies. 

Regarding  the  role  of  the  serotonergic  innervation  of  the  gill  we  have  no  evi- 
dence for  a  sensory  function  as  proposed  by  Sweeney  (1968).  In  M.  cditlis  the 
organism  was  never  observed  to  respond  to  stimulation  of  the  gill,  we  observed 
no  sensory  structures  in  the  gill,  and  the  nerves  always  appear  to  lie  under  the 
epithelial  cells  and  have  never  been  observed  to  pass  up  between  them  toward 
the  surface  as  might  be  expected  of  sensory  fibers. 

A  question  that  could  not  be  answered  from  our  observations  was  that  con- 
cerning the  possible  presence  of  non-fluorescent  fibers  to  the  gill.  There  are  many 
non-fluorescent  fibers  present  in  the  origin  of  the  branchial  nerve.  Bouffard 
(1970)  showed  sections  in  which  all  the  fibers  of  the  branchial  nerve  were  histo- 
chemically  positive  for  acetylcholine  esterase.  In  almost  identically  appearing  sec- 
tions through  the  branchial  nerve  as  it  innervates  individual  filaments,  we  found 
that  all  the  fibers  are  histochemically  fluorescent.  Because  of  their  close  packing 
and  very  small  diameter  one  must  concede  the  possible  presence  of  non-fluorescent 
fibers  in  each  small  group  and  these  were  looked  for  in  the  present  study  by 
phase  contrast  microscopy  but  without  success.  In  view  of  our  present  finding 
that  exogenous  amines  can  be  taken  up  by  nerves  not  exhibiting  specific  fluores- 
cence for  their  endogenous  presence  it  is  possible  that  all  fibers  become  fluorescent 
during  preparation.  The  same  could  apply  to  the  deposition  of  the  cobalt  sulfide 
precipitate  in  the  cholinesterase  staining  and  the  problem  remains  unresolved. 

The  branchial  nerve  comes  from  the  visceral  ganglion  and  the  present  study 
indicates  that  dopaminergic  and  serotonergic  cell  bodies  in  that  ganglion  send 
fibers  into  the  branchial  nerve.  The  serotonin-containing  cells  are  larger  but  fewer 
in  number,  and  this  is  in  keeping  with  the  predominance  of  green  color  in  the 
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branchial  nerve.  Transaction  of  the  cerebrovisceral  connective  decreased  the 
amount  of  yellow  fluorescing  granules  and  varicose  fibers  in  the  connective  on 
the  visceral  ganglion  side  of  the  cut,  in  the  neuropile  and  in  the  cortex  but  did 
not  alter  the  intensity  of  fluorescence  in  cell  bodies  or  fibers  in  the  branchial 
nerve.  This  indicates  that  fibers  from  the  cerebral  ganglion  do  not  simply  pass 
through  the  visceral  ganglion  on  their  way  to  the  gill  but  terminate  there,  ap- 
parently on  several  kinds  of  cells.  Transection  of  the  connective  caused  an  in- 
crease in  green  fluorescence  in  the  ganglion  but  did  not  affect  the  branchial  nerve. 
On  the  cerebral  ganglion  side  of  the  cut  and  in  the  cerebral  ganglion  itself,  there 
was  a  great  enhancement  of  yellow  fluorescence.  The  role  of  this  cerebral-to- 
visceral-ganglion  transport  of  serotonin  has  not  yet  been  determined  but  some 
preliminary  experiments  (Catapane,  Aiello  and  Stefano,  1974)  suggest  that  it  has 
to  do  with  stimulating  the  cilioexcitatory  serotonergic  fibers  originating  in  the 
visceral  ganglion.  Dahl  ct  a!.  (1966)  performed  a  similar  experiment  in  A. 
piscinalis  with  similar  results  regarding  the  increase  in  serotonin  in  the  cerebral 
ganglion,  cortex  and  neuropile  and  its  decrease  in  the  visceral  neuropile.  They 
did  not  observe  yellow  fluorescing  cells  in  the  visceral  ganglion  cortex  and  since 
there  is  no  information  on  the  function  of  the  branchial  nerve  in  that  species  we 
can  not  assess  the  physiological  significance  of  their  experiment. 

An  observation  of  general  interest  which  we  made  consistently  throughout 
this  study  is  that  in  M.  cdnlis  endogenous,  intracellular  yellow  fluorescence  is 
always  in  granules  whereas  green  fluorescence  always  appears  to  be  homogenously 
distributed.  This  granular  localization  of  serotonin  may  be  lost  following  treat- 
ment with  reserpine,  nialamide  or  exogenous  serotonin,  suggesting  that  it  is  its 
normal,  physiological  condition  to  be  so  localized.  Zs.-Nagy  (1968)  identified 
the  site  of  dopamine  localization  in  the  cerebral  ganglion  of  A.  cvynca  to  be  1000 
Angstrom  diameter  dense  core  vesicles,  which  would  be  below  the  limit  of  resolu- 
tion of  the  light  microscope.  He  did  not  comment  on  the  serotonin  sites.  Dahl 
ct  al.  (1966)  mention  yellow  fluorescing  granules  but  do  not  comment  on  the  green 
fluorescing  cells.  In  the  absence  of  specific  statements  by  other  authors  we  do 
not  know  how  general  a  condition  this  is  in  bivalves  but  it  appears  to  be  consistent 
in  M.  cdnlis. 

The  significance  of  the  orange  auto-fluorescing  pigment  observed  by  ourselves 
and  others  in  both  monoaminergic  and  other  neurones  remains  to  be  clarified 
(Zs.-Nagy,  1968;  Dahl  ct  a!.,  1966)  but  we  can  be  sure  that  in  M.  cditlis  it  is 
subject  to  seasonal  change.  The  fact  that  this  pigment  is  increased  by  nialamide 
treatment  and  that  prolonged  exposure  to  UV  light  slowly  converts  it  to  a  yellow 
fluorescing  pigment  suggests  that  it  might  be  metabolically  related  to  serotonin. 
The  increase  in  the  number  of  specific  yellow-fluorescing  cells  following  treatment 
with  nialamide  might  be  explained  if  one  assumed  that  cells  which  originally 
contained  orange  autofluorescent  pigment  were  potentially  serotonergic  and  ac- 
cumulated serotonin  when  its  oxidation  was  inhibited  by  nialamide. 

SUMMARY 

Monoamine  localization  was  accomplished  in  Mytilns  cdnlis  by  the  use  of  histo- 
fluorescence.  Intracellular  stores  of  dopamine  and  serotonin  were  found  to  be 
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synthesized  in  the  proper  neuron  and  transported  down  the  axon  to  the  terminal 
varicosities. 

Most  of  the  cells  in  the  cortex  of  the  cerebral  and  visceral  ganglia  were  non- 
fluorescent.  Of  the  fluorescent  cells,  serotonin  predominated  in  the  cerebral 
ganglion  and  dopamine  predominated  in  the  visceral  ganglion.  There  was  a  net 
flow  of  serotonin  in  the  cerebro-visceral  connective  from  the  cerebral  to  the  vis- 
ceral ganglion  and  a  net  flow  of  dopamine  in  the  opposite  direction. 

Serotonin  fluorescence  was  localized  in  intracellular  granules  in  neurons  and 
blood  cells.  Dopamine  fluorescence  was  distributed  homogenously  in  neurons  and 
in  the  supporting  rod  of  the  gill.  The  visceral  ganglion  supplies  the  gill  with 
nerve  fibers  of  both  types. 

Exogenously  supplied  serotonin  and  dopamine  were  taken  up  by  both  kinds  of 
nerve  cells  and  by  some  other  tissues.  Endogenous  stores  of  both  amines  were 
altered  in  content  and  distribution  by  reserpine  and  by  nialamide. 

The  distribution  of  monoamine  in  the  nervous  system  and  gill  lends  further 
support  to  the  notion  of  a  dual  innervation  mechanism  controlling  ciliary  activity 
in  the  gill. 
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OXYGEN  CONSUMPTION  IN  ECHINODERMS  FROM  SEVERAL 

GEOGRAPHICAL  LOCATIONS,  WITH  PARTICULAR 

REFERENCE  TO  THE  ECHINOIDEA  * 

STEVEN  K.  WEBSTER 

Department  of  Biological  Sciences,  California  State  University, 
San  Jose,  California  95192 

Little  information  is  available  on  respiration  of  echinoderms  (Bliss  and  Skinner, 
1963;  Prosser  and  Brown,  1962).  This  study  presents  data  obtained  for  the  five 
classes  of  living  echinoderms  from  several  geographical  locations,  including  the 
Monterey  Peninsula,  California ;  Punta  Banda  and  Puertecitos,  Baja  California, 
Mexico;  Savai'i,  Western  Samoa;  St.  John,  LI.  S.  Virgin  Islands;  and  Dunedin, 
New  Zealand.  Articles  by  Farmanfarmaian  (1966),  Moore  (1966),  and  Lewis 
(1967),  point  out  the  general  lack  of  information  concerning  whole  body  respira- 
tion (oxygen  consumption)  in  all  but  a  few  echinoids.  Concurrent  with  an  in- 
vestigation of  the  respiratory  physiology  of  the  purple  sea  urchin,  Strongylocen- 
trotiis  pnrpnratiis,  in  relation  to  reproduction,  and  while  engaged  in  brief  excursions 
to  \Vestern  Samoa  and  to  the  U.  S.  Virgin  Islands,  the  author  was  able  to  obtain 
whole  body  oxygen  consumption  data  for  several  tropical  and  temperate  echino- 
derms. In  addition,  laboratory  studies  were  conducted  to  compare  the  respiratory 
physiology  of  the  Pacific  Coast  deep  water  echinoid,  Allocentrotus  fragilis.  and 
the  purple  sea  urchin,  5\  purfiurahis.  This  comparison  provides  additional  infor- 
mation concerning  the  relative  contributions  of  specific  body  components  to  whole 
body  respiration  in  echinoids. 

MATERIALS  AND  METHODS 

The  investigations  on  location  were  conducted  with  freshly  collected  animals 
according  to  the  methods  described  in  Webster  and  Giese,  1974.  Closed  chamber 
respirometry  was  conducted  with  the  YSI  oxygen  electrode  at  the  temperatures  at 
which  the  animals  were  collected.  All  oxygen  depletion  experiments  were  of  two 
hours'  duration,  and  readings  were  taken  at  half-hour  intervals.  Large  animals 
were  tested  singly  in  the  respirometer,  and  small  individuals  were  used  in  groups 
of  three  to  six,  and  their  weights  were  averaged  for  the  calculation  of  the  Q0;>. 

Laboratory  investigations  were  conducted  with  the  Beckman  oxygen  elec- 
trode apparatus  described  in  Webster  and  Giese,  1974.  All  data  presented  repre- 
sent a  minimum  of  three  experiments  with  at  least  three  individuals  of  each  species. 
Where  a  wide  size  range  was  investigated,  the  extremes  are  indicated.  In  most 
cases  animals  of  similar  size  within  a  species  were  used,  and  average  wet  weights 
are  indicated.  Animals  tested  in  the  laboratory  were  held  without  food  in  aquaria 
for  at  least  one  week  prior  to  experimentation. 

1  Supported  by  a  National  Science  Foundation  Graduate  Fellowship  to  the  author. 
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Laboratory  investigations  of  Alloccutro/i/s  jra//ilis  were  conducted  according 
to  the  methods  described  for  6".  pnrpnratits.  The  Beckman  polarographic  macro- 
oxygen  electrode  was  used  for  determinations  of  whole  body  oxygen  consumption 
and  was  coupled  to  a  potentiometric  strip  chart  recorder  to  produce  a  continuous 
print-out  of  the  oxygen  depletion  curve.  The  Instrumentation  Laboratories,  Inc. 
#17365  needle  oxygen  electrode  was  used  for  determinations  of  perivisceral  fluid 
oxygen  partial  pressure  (pvfC^),  and  was  coupled  to  the  chart  recorder. 

Collections  of  A.  jragilis  were  made  in  April,  1971,  and  in  February,  1972, 
with  a  beam  trawl  from  the  R.  V.  Proteus  of  Stanford  University.  These  collec- 
tions were  made  at  a  depth  of  about  150  meters  at  36°  41'  X.,  122°  04'  W.,  off 
the  Monterey  Peninsula,  California.  Specimens  of  A.  jragilis  were  held  in  dark 
aquaria  at  6°  C  for  several  days  prior  to  use  in  these  investigations. 

Data  for  Ei'Cclilnus  chloroticns  and  Goniocidaris  nuibracnlnin  were  obtained 
at  Dunedin,  New  Zealand  by  William  Johnson  of  the  Hopkins  Marine  Station. 
Animals  were  held  in  the  laboratory  at  13°  C  for  several  days  prior  to  use  in 
the  investigation. 

Eupentacta  quinquesemita  was  collected  from  among  tubes  of  chaetopterid 
polychaetes  of  wharf  pilings  in  Monterey  Harbor.  Parastichopus  californicus 

TABLE  I 

Qo2  of  echinoderms  from  several  geographical  locations 


Class,  species 

Qos 

Gul/g/hr) 

Wet  weight 
(g) 

Temp. 
(C) 

Location 

Asteroidea 

Dermasterias  imbricata 

7.5 

23.5 

13 

Monterey,  California 

Leptasterias  aequalis 

26.8 

1-2 

13 

Monterey,  California 

Mediaster  aequalis 

15.3 

15.3 

13 

Monterey,  California 

Orthasterias  Columbians 

25.4 

20.8 

13 

Monterey,  California 

Patiria  miniata 

10.5 

11.6 

13 

Monterey,  California 

disaster  brei'ispinus 

12.3 

19.9 

13 

Monterey,  California 

Pisaster  giganteus 

25.4 

1.3 

13 

Monterey,  California 

Pycnopodia  helianthoidcs 

9.8 

26.2 

13 

Monterey,  California 

Zoroaster  evenna  n  n  i 

5.6 

52.9 

8 

Monterey,  California 

Astro  pccten  a  ram  Ins* 

17.4 

27.1 

16 

Punta  Banda,  B.  C.,  Mexico 

Htliaster  knhhiiji* 

17.8 

106.2 

16 

Pnertecitos,    B.    C.,    Mexico 

Linkia  laevigata* 

2  2 

100.3 

23 

Savai'i,  Western  Samoa 

Coscinasteria  calamaria** 

9.8 

33-81 

13 

Dunedin,  New  Zealand 

Pentagonaster  pulchellus** 

3.8 

12.0 

13 

Dunedin,  New  Zealand 

Ophiuroidea 

.  1  inphiodia  occidental  is 

3.0 

0.5-1.0 

13 

Pacifica,  California 

Holothuroidea 

Eupentacta  quinquesemita 

17.5 

5.5 

13 

Monterey,  California 

Leptosynapta  inhaerens 

13.9 

2.4 

13 

Monterey,  California 

Parastichopus  californ  icits 

19.2 

27.3 

13 

Monterey,  California 

Crinoidea 

Florometra  serratissinia 

26.7 

4.5 

8 

Monterey,  California 

*  Data  obtained  in  the  field  with  freshly  collected  animals  and  the  YSI  oxygen  electrode. 
**  Data  obtained  in  the  laboratory  with  the  YSI  electrode.  Remainder  of  the  data  obtained  in 
the  laboratory  with  the  Beckman  oxygen  electrode. 
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was  collected  from  granite  boulders  under  a  kelp  bed  at  Carmel,  California.  The 
Leptosynapta  inhacrcns  is  truly  infaunal,  and  specimens  were  collected  from  damp 
sand  during  a  low  tide  at  Pacifica,  California. 

The  Amphiodia  occidentalis  was  collected  from  nearly  anaerobic  black  sand 
under  rocks  at  Pedro  Point  in  Pacifica,  California. 

Floromctra  serratissiina  was  collected  by  beam  trawl  at  a  depth  of  about 
150  meters  from  the  R.  V.  Proteus  of  Stanford  University. 

EXPERIMENTS  AND  RESULTS 

Oxygen  consumption  rates  for  the  Asteroidea,  Ophiuroidea,  Holothuroidea, 
and  Crinoidea  are  presented  in  Table  I.  The  data  for  the  Echinoidea  are  presented 
in  Table  II. 


DISCUSSION 

The  low  Qo2  exhibited  by  Leptosynapta  inhacrcns  (Table  I)  may  indicate 
a  heavy  reliance  upon  anaerobic  respiration,  particularly  during  low  tides  when 
water  circulation  under  the  rocks  is  minimal.  In  addition  to  the  lower  Qo2>  other 
adaptions  such  as  vermiformity  and  the  loss  of  some  internal  complexity  are 
demonstrated  by  the  infaunal  L.  inhacrcns  as  compared  with  the  two  epifaunal 
species.  These  relationships  were  found  among  infaunal  as  compared  with  epi- 
faunal anemones  by  Sassaman  and  Mangum  (1972).  Lewis  (1967)  found  the 
same  to  be  true  in  tropical  echinoids. 

The  relatively  high  Qo2  of  the  crinoid,  Floromctra  scrratissiuia,  may  be  due 
to  its  high  level  of  activity.  When  disturbed,  this  animal  exhibits  active  swim- 
ming behavior.  Some  activity  persisted  in  the  respirometer  during  the  oxygen 
depletion  experiments,  and  may  be  responsible  for  the  relatively  high  Q0o  recorded. 
The  relatively  high  index  of  living  material  in  this  species  may  also  be  a  factor, 
although  determinations  of  body  component  indices  were  not  made. 

TABLE  II 
Qoz  of  echinoids  from  several  geographical  locations 


Species 

Q02 

(^l/g/hr) 

Wet  weight 
(g) 

Temp. 
(C) 

Location 

Echinoidea 

.  1  llocentrotus  fragilis* 

5.17 

50.4 

8 

Monterey,  California 

Strongylocentrorus  purpuratus* 

8.00 

55.0 

13 

Pigeon  Point,  California 

Strongylocentrorus  franciscanus* 

6.72 

44.7 

13 

Pigeon  Point,  California 

Lytechinus  anamesus 

14.90 

3.7 

16 

Punta  Banda,  B.  C.,  Mexico 

Echinometra  mathaei 

4.70 

28.0 

23 

Savai'i,  Western  Samoa 

Echinometra  Incunter 

13.30 

3.1 

28 

St.  John,  U.  S.  Virgin  Is. 

Tripneustes  esculentus 

15.60 

5.2 

28 

St.  John,  U.  S.  Virgin  Is. 

Evechinus  chloroticus** 

5.41 

760.0 

13 

Dunedin,  New  Zealand 

Gonwcidaris  umbrae  itlutu** 

4.00 

12.1 

13 

Dunedin,  New  Zealand 

*  Data  obtained  with  Beckman  oxygen  electrode  in  the  laboratory. 

*  Data  obtained  in  the  laboratory  with  YSl  oxygen  electrode  by  William  Johnson,  Hopkins 
Marine  Station.  Remainder  of  the  data  obtained  in  the  field  with  YSI  oxygen  electrode.  Method 
described  in  text.  (Webster  and  Giese,  1974.) 
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Reference  to  Table  I  indicates  that  in  the  asteroids,  as  in  the  echinoids,  the 
highest  oxygen  consumption  rates  appear  among  the  smallest  individuals,  regard- 
less of  the  environmental  temperatures,  a  fact  well  in  keeping  with  information  on 
all  types  of  animals  (Prosser  and  Brown,  1962).  In  fact,  the  lowest  Q02  is  found 
in  Linkia  lacrigata  at  23°  C,  the  warmest  temperature  of  any  of  the  areas  studies. 
The  relatively  large  size  of  these  individuals  may  be  of  greater  importance  than 
the  ambient  temperature  in  determining  the  O()o  of  the  animal.  Of  the  species 
of  asteroids  investigated  at  Monterey,  California  (13°  C),  the  smallest  individuals 
exhibit  the  highest  Oo._,.  It  must  be  noted,  however,  that  other  factors  which  may 
have  an  effect  on  oxygen  consumption  have  not  been  considered.  These  include 
activity,  nutritional  condition,  and  differences  in  microhabitat. 

Among  the  echinoids  (Table  II),  with  the  exception  of  Echinoinctra  inathaci, 
the  warm-water  species  exhibit  a  uniformly  higher  O,K,  than  their  cold-water 
counterparts.  All  oxygen  consumption  rates  are  within  the  same  order  of  mag- 
nitude found  for  .V.  pnrpitratits  ("Webster  and  Giese,  1974).  It  should  be  noted 
that  the  highest  oxygen  consumption  rates  are  found  among  the  smaller  sea  urchins 
tested,  a  fact  which  must  be  considered  in  addition  to  the  warmer  environmental 
temperatures  of  these  species,  in  interpreting  these  data. 

The  comparatively  low  QO2  of  E.  •inathaci  is  of  interest  as  it  is  lower  (at  28°  C) 
than  that  of  .V.  [>nrf>nratits  (at  13°  C)  and  A.  jragilis  (at  8°  C).  In  light  of  the 
warmer  environmental  temperature  and  smaller  size  of  the  E.  inathaci,  it  would 
be  expected  to  exhibit  a  higher  Q(}.2  (Lewis,  1967). 

The  comparison  of  .$".  pnrpuratits  and  A.  jrat/ilis  (Table  III)  reflects  basic 
differences  in  the  body  components  of  these  species  which  may  account  for  the  ob- 
served differences  between  them  in  respiratory  physiology.  The  comparison  of 
body  wall  indices  shows  that  of  A.  jrac/ilis  to  be  less  than  half  that  of  S.  f>iirfmra- 
tus  (25.16  and  55.00,  respectively).  Because  90%  or  more  of  the  whole  body 
Qoo  is  attributable  to  the  body  wall  component  in  .S".  f>urf>nratns,  little  oxygen  is 
left  for  transport  to  the  perivisceral  coelom  and  internal  tissues  (Webster  and 
Giese,  1974),  resulting  in  the  low  perivisceral  fluid  oxygen  partial  pressure 
(PvfOo)  of  45  mm  Hg.  The  PvfO-  of  A.  frai/ilis  at  115  mm  Hg  is  much  higher, 
and  can  be  attributed  to  the  low  body  wall  index  which  leaves  substantially  more 
oxygen  for  transport  to  the  internal  tissues.  Body  wall  oxygen  consumption  in 
both  species  is  from  two  to  three  times  the  whole  body  Qo2  (Table  III). 

In  his  study  of  Ei'cchinus  chloroticus,  Johnson  found  that  the  body  wall  Qo2 
was  lower  than  that  for  the  whole  animal  (3.04  //,1/g/hr  for  the  body  wall.  5.41 
/u,l/g/hr  for  the  whole  animal).  This  is  contrary  to  the  results  for  .S\  pitrpuratits 
and  A.  fragilis,  and  may  have  its  explanation  in  the  very  large  size  and  high  gonad 

TABI.F.  Ill 

parison  of  S.  purpuratus  with  A.  fragilis:  factors  of  significance  to 
the  respiratory  physiology  of  echinoids 


Species 

Qo2 

(Ml/g/hr) 

Body  Wall 
Index 

PvfO. 
mm  Hg 

Body  Wall  Qo2 

(Ml/g/hr) 

Temp. 

(C) 

,1  .  fragilis 

5.17 

25.16 

115 

12.7 

8 

.S.  pitrpuratus 

8.00 

55.00 

45 

22.0 

I.? 
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TABLE  IV 
The  gonad  index  and  whole  body  Qo2  for  five  Allocentrotus  fragilis  at  8°  C 


Gonad  index 

Whole  body  Qo2 
(/J/g/hr) 

2.75 

6.98 

2.43 

5.05 

4.00 

4.06 

5.09 

8.62 

7.42 

7.08 

index  of  the  Evechinus  chloroticits  tested.     Additional  data  will  be  required  for 
the  resolution  of  this  question. 

Although  the  conclusion  depends  upon  additional  supporting  data,  it  appears 
that  there  is  no  relationship  between  whole  body  oxygen  consumption  and  repro- 
ductive condition  (gonad  index)  in  Allocentrotus  fragilis  (Table  IV).  These 
data  are  in  agreement  with  those  concerning  whole  body  Qo-  and  the  gonad  index 
in  5\  purpuratus  (Webster  and  Giese,  1974).  Unfortunately,  collections  were 
not  possible  during  the  peak  of  the  reproductive  cycle  in  A.  fragilis  (November 
and  December)  because  of  storms,  and  tests  were  not  made  at  this  critical  part 
of  the  reproductive  cycle.  However,  between  the  highest  (7.42)  and  lowest  (2.43) 
periods  of  the  gonad  index  recorded,  no  significant  differences  in  perivisceral  fluid 
ppOo  are  found.  The  PvfOL>  is  115-120  mm  Hg  regardless  of  the  gonad  index 
within  the  range  tested.  PvfO?  is  less  variable  in  A.  fragilis  than  in  S.  purpuratus. 

Lewis  (1967)  found  higher  rates  among  tropical,  as  compared  with  temperate 
echinoids.  Farmanfarmaian  (1966)  reports  higher  Qo2  for  Arbacia  and  Strong\lo- 
ccntrotiis  at  20°  C  than  for  Echinocardiuni  at  15°  C.  Belman  and  Giese  (1974) 
report  a  Qo2  for  an  antarctic  echinoid,  Stcrcchinus  nciiinaycri,  comparable  to  that 
of  temperate  echinoids,  and  lower  than  that  of  most  tropical  echinoids.  As  stated 
by  Kinne  (1964),  however,  it  must  be  recognized  that  an  animal  reacts  to  its 
total  environment  rather  than  to  a  single  entity  such  as  temperature,  and  the  com- 
bined effects  of  two  or  more  components  of  the  environment  must  often  be  con- 
sidered. Body  size,  nutritional  condition,  activity,  and  microhabitat  may  all  be 
factors  in  determining  the  Qo-  of  any  particular  echinoid  (Farmanfarmaian,  1966). 
The  Qo2  of  epifaunal  forms  is  higher  than  that  of  their  infaunal  counterparts.  That 
this  is  true  for  anemones  is  demonstrated  by  Sassaman  and  Mangum  (1972)  and 
for  tropical  echinoids  by  Lewis  (1967). 

The  prediction  that  tropical  echinoids  have  a  higher  O(),  than  temperate  spe- 
cies holds  true  for  all  those  tested  except  Echinoincfra  mat  had  from  \Yestern 
Samoa  (Table  II).  Rather  than  reflecting  higher  rates  under  warmer  environ- 
mental conditions,  these  data  may  reflect  the  generally  smaller  body  size  of  the 
tropical  echinoids  in  this  study.  The  comparatively  low  Q,,.,  exhibited  by  E. 
mathaei  defies  explanation,  although  the  average  weight  of  28.0  g  is  much  larger 
than  the  average  weights  of  the  other  tropical  species  studied.  The  E.  mathaei, 
with  a  Q<>,  of  4.70  /xl/g/hr  at  23°  C,  are  respiring  at  about  half  the  rate  of  S. 
purpuratus  of  similar  size  at  13°  C. 
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TABLE  V 
Oxygen  consumption  of  representative  aquatic  species  from  several  phyla 


Phylum,  species 

Qo2 

(Ml    K,  lir) 

Temp. 
(C) 

Reference 

Porifera 

Microciona  prolifera 

115 

37 

Bliss  and  Skinner,  1963 

Cnidaria 

Astrangia  danae 

26 

Sassaman  and  Mangum,  1972 

Haloclava  produeta 

10 

Sassaman  and  Mangum,  1972 

Melridiuni  senile 

100 

Sassaman  and  Mangum,  1972 

Annelida 

.1  rctonoe  rittata 

27-167 

13 

Webster,  unpublished 

Diopatra  ciiprea 

50 

Mangum,  Knshins  and  Sassaman,  1970 

Moll  u  sea 

Cryptochiton  stelleri 

6 

13 

Webster,  unpublished 

Helix  pom  alia 

45-3070 

28 

Kerknt  and  Laverack,  1956 

Arthropoda  (Crustacea) 

Cambanis  clarkn 

200 

25 

Maloeuf,  1937 

Cirolana  harfordi 

95-463 

13 

Webster,  unpublished 

Gnathophausta  ingens 

48 

4.5 

Childress,  1971 

Spiro  n  toe  a  r  is  seen  r  (fro  »  s 

77 

6.5 

Fox,  1936 

Opisthopits  transfers  us 

11-153 

13 

Webster,  unpublished 

Echinodermata 

.1  ntedon  petasus 

24 

8 

Fox,  1936 

Arbacia  punctulata 

16 

20 

Boolootian  and  Cantor,  1965 

Aster  ias  J'orbesii 

100 

25 

Maloeuf,  1937 

Holothuria  forskali 

2.7 

10 

Fox,  1936 

Ophiura  terturala 

1  1 

10 

Fox,  1936 

Ophiura  terturata 

21 

17 

F.,x,  1936 

Pteraster  tesselatus 

10.5 

10-12 

Johansen  and  Peterson,  1971 

Chordata  (Yertebrata) 

Anibvstoma  maculatum 

120 

20 

Whitford  and  Hutchinson,  1967 

Jn  comparing  the  oxygen  consumption  data  for  all  of  the  tropical  species,  it  is 
evident  that  they  have  oxygen  consumption  rates  that  are  similar  to  those  of  tem- 
perate (S.  pitrpitratiis  and  6'.  jronciscanus)  and  Antarctic  (Sterechinus  nciiinaycri) 
echinoids  of  equivalent  size,  suggesting  their  adaptation  to  higher  temperature. 
Certainly  this  reflects  some  form  of  thermal  adaptation  (see  Hochachka  and  So- 
mero,  1973)  among  tropical,  temperate,  and  polar  echinoderms,  but  the  biochemical 
basis  of  this  has  yet  to  be  determined. 

In  his  table  of  comparative  oxygen  consumption  rates  among  representatives 
of  several  major  phyla,  Nicol  (1967)  cites  data  in  which  the  echinoderms  exhibit 
similarly  low  rates  in  comparison  to  the  other  groups.  I  believe  the  relatively  low 
Qo2  exhibited  by  the  echinoderms  as  a  group  is  based  on  three  factors.  This,  of 
course,  assumes  that  other  factors  which  might  affect  oxygen  consumption  (nutri- 
tion, activity,  reproductive  condition,  etc.)  are  equal,  an  assumption  which  is  ques- 
tionable at  best. 

The  first  factor  is  the  relatively  inefficient  transport  of  oxygen  to  the  in- 
ternal tissues  of  echinoderms.  This  inefficiency  is  probably  most  pronounced  among 
the  echinoids,  and  least  important  among  the  holothuroids  with  respiratory  trees 
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and  respiratory  pigments.  Among  the  phyla  listed  in  Table  V,  either  a  circulatory 
system  including  respiratory  pigments  supplies  the  internal  tissues,  or  ambient 
sea  water  may  be  circulated  as  in  the  Anthozoa,  past  both  sides  of  a  relatively 
thin  body  wall ;  or,  in  the  case  of  the  sponges,  ambient  water  is  circulated  in  close 
proximity  to  all  living  cells.  Thus,  it  appears  that  among  these  groups  (Table 
V)  the  echinoderms  exhibit  the  lowest  level  of  efficiency  in  providing  the  internal 
tissues  and  body  fluids  with  oxygen. 

A  second  factor  is  the  relatively  high  proportion  of  metabolically  inert  skeletal 
material  in  some  echinoderms  (the  ophiuroids,  in  particular)  and  the  large  volume 
of  perivisceral  fluid,  with  its  very  low  metabolic  activity,  in  others  (echinoids  and 
holothuroids).  Thus,  as  has  been  shown  for  the  echinoids  (Webster  and  Giese, 
1975),  only  a  small  component  of  the  body  (the  body  wall  tissue)  accounts  for 
90c/c  of  the  oxygen  consumption  of  the  animal. 

A  third  possible  factor  resulting  in  the  relatively  low  Qo2  among  echinoderms 
is  their  low  level  of  activity  when  compared  with  many  other  phyla.  It  is  dif- 
ficult to  differentiate  standard  from  active  metabolic  rates  among  the  echinoids. 
The  authors  cited  in  Table  V,  however,  often  point  out  the  differences  in  standard 
and  active  metabolism,  resulting  in  the  highly  variable  Qo2  data  given  for  some 
species. 

SUMMARY 

1.  Whole   body   oxygen    consumption    data    are    determined    for    a   variety    of 
echinoid,  asteroid  and  holothuroid  species,  and  for  one  ophiuroid  and  one  crinoid. 

2.  Comparisons  of  tropical  and  temperate  asteroids  indicate  no  correlation  of 
oxygen  consumption  rate  with  environmental  temperature  among  the  individuals 
tested.     As  is  the  case  for  echinoids,  body  size  appears  to  be  an  important  factor 
in  determining  the  Qo2  of  a  particular  species. 

3.  Whole  body  oxygen  consumption  data  are  determined  for  several  temperate 
and  tropical  echinoid  species,  and  for  a  deep-water  echinoid  of  the  Pacific  Coast. 

4.  A  comparison  of  respiratory  physiology  in  5".  pnrpnratus  and  A.  jragilis  is 
made,  with  particular  attention  to  the  body  wall  and  gonad  indices. 

5.  Comparisons  of  tropical  and  temperate  echinoid  oxygen  consumption  rates 
reveal  that,  when  animals  of  similar  size  are  compared,  the  O0o  of  the  tropical 
forms  is  similar  to  that  of  their  temperate  counterparts. 

6.  The  generally  smaller  body  size  of  the  tropical  species  tested  results  in  the 
higher  oxygen  consumption  rates  which  they  exhibit  as  compared  with  temperate 
echinoids. 
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Steen  (1965)  reported  that  the  rate  of  oxygen  consumption  per  unit  weight 
(O,,., )  of  intact  sea  urchins  is  about  one  tenth  the  theoretical  value  calculated 
from  summed  tissue  respiration  and  attributed  this  discrepancy  to  inefficiencies  in 
the  movement  of  external  sea  water  and  internal  respiratory  media  (ambulacral 
and  perivisceral  fluids)  over  respiratory  epithelia. 

Giese,  Farmanfarmaian,  Hilden  and  Doezema  (1966)  reported  that  the  Q02 
per  unit  weight  remained  the  same  throughout  the  annual  reproductive  cycle  of 
the  purple  sea  urchin  (Strongylocentrotns  purpuratus)  at  the  peak  of  which  the 
organic  content  of  the  body  approximately  doubles.  The  increase  in  organic  ma- 
terial in  the  body  is  not  taken  into  account  by  a  Qo2  so  measured  because  the 
specific  gravity  of  the  organic  matter  is  very  similar  to  that  of  the  body  fluid  dis- 
placed as  the  gonacls  grow  ;  the  total  volume  of  a  sea  urchin  remains  much  the 
same  during  the  reproductive  cycle  except  for  growth.  To  relate  the  oxygen  con- 
sumption of  the  sea  urchin  to  its  organic  content  the  Q<>j  was  determined  per  unit 
nitrogen.  On  this  basis  the  Qo2  declined  during  growth  of  the  gonads,  minimal 
values'  being  found  at  the  peak  of  the  reproductive  cycle  when  the  gonads  were 
of  maximal  size.  The  authors  postulated  that  the  oxygen  consumption  of  the 
intact  sea  urchin  is  limited  by  the  respiratory  surface  and  by  inefficient  convective 
oxygen  transport  from  ambient  sea  water  to  internal  tissues.  When  the  gonads 
reach  maximal  size  the  supply  of  oxygen  to  the  tissues  is  poorest.  As  indirect 
evidence  for  this  contention  they  point  out  that  the  sum  of  oxygen  consumption 
of  the  individual  body  components  measured  in  a  dissected  sea  urchin  is  always 
greater  than  that  for  the  intact  organism. 

Johansen  and  Vadas  (1967)  studied  oxygen  consumption  in  relation  to  ambient 
and  perivisceral  fluid  oxygen  partial  pressure  (ppO2)  in  three  sea  urchins  of  the 
genus  Stronyyloccntrotus:  S.  pur  pit  rat  its,  S.  franciscanns  and  5".  drobachiensis. 
They  concluded  that  the  Qo2  measured  directly  is  more  closely  related  to  internal 
than  external  ppO2.  They  did  not,  however,  study  the  relation  between  the  re- 
productive state  and  oxygen  consumption. 

The  present  study  aims  to  elucidate,  by  polarographic  oxygen  electrode  meas- 
urements of  the  perivisceral  fluid  oxygen  partial  pressure  (PvfO2)  and  the  am- 
bient sea  water  oxygen  partial  pressure  (AO2),  the  apparent  paradoxical  decline 
in  Qo2  per  unit  nitrogen  with  increase  in  organic  matter  of  the  purple  sea  urchin 
during  the  course  of  the  reproductive  cycle.  Also  considered  are  the  effects  of 

1  Supported  by  research  grant  2-FAA-504  by  the  National  Science  Foundation  to  Arthur 
C.  Giese,  and  by  a  National  Science  Foundation  Graduate  Fellowship  to  Steven  K.  Webster. 
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body  size,  air  exposure,  and  the  possible  relative  contribution  of  the  body  wall  to 
the  total  oxygen  consumption  of  an  intact  sea  urchin. 

MATERIALS  AND  METHODS 
Collecting  sites 

The  sea  urchins  were  collected  monthly  or  bi-monthly  on  the  San  Mateo  County 
coast,  California  (37°20'  N.  Latitude)  from  populations  in  similar  low  intertidal 
habitats  at  three  locations :  Pigeon  Point,  Bean  Hollow  Beach,  and  Pescadero 
Point.  They  were  taken  to  the  laboratory  in  wet  algae  or  aerated  sea  water  and 
kept  in  aquaria  containing  filtered,  aerated  sea  water  at  13  ±  3°  C.  They  were 
starved  for  one  to  three  weeks  prior  to  use  to  minimize  the  effect  of  varied  nutri- 
tional state  and  contamination  with  fecal  material.  Oxygen  consumption  of  sev- 
eral freshly  collected  animals  was  determined  for  comparison  with  oxygen  consump- 
tion of  the  starved  individuals. 

Six  sea  urchins  were  sacrificed  from  each  collection  to  determine  the  gonad 
index  (wet  weight  of  gonacls  divided  by  the  wet  weight  of  the  body)  as  an  indica- 
tion of  the  reproductive  condition  of  the  population.  For  this  purpose  each  animal 
was  blotted  on  paper  toweling  for  30  seconds  and  weighed  within  ±0.1  gram  on 
a  triple  beam  balance.  Then,  following  draining  of  the  perivisceral  fluid,  the 
gonacls  were  removed,  blotted  and  weighed.  In  some  cases  the  body  wall  indices 
were  determined  following  removal  of  the  Aristotle's  lantern  and  the  gut. 

Oxygen  electrode  technique 

The  electrode  used  for  monitoring  the  ambient  oxygen  partial  pressure  (AO^) 
in  the  laboratory  was  a  Beckman  #315780  Clark  electrode  (Clark,  1956)  coupled 
to  the  Beckman  Model  160  Gas  Analyzer  (Beckman  Instruments,  Inc.,  Spinco 
Division,  Palo  Alto,  California).  This  electrode  was  inserted  through  a  sleeve 
of  Tygon  tubing  in  a  3/8-inch  hole  drilled  in  the  Bakelite  top  of  a  specimen  jar 
of  desired  size.  This  closed  jar,  immersed  in  a  circulating  water  bath  at  the  de- 
sired temperature,  served  as  the  respirometric  chamber.  As  ambient  oxygen 
was  depleted  by  the  sea  urchin  in  the  closed  chamber,  the  O()2  (/xl/g/hr)  was 
calculated  according  to  the  equation:  OO2  "  [Vol.  O2  consumed  (ml/1)  X  Vol. 
ambient  water  d)]/[Times  (hrs)  X  Wet  weight  (g)]  X  1,000.  The  volume  of 
Oo  consumed  was  calculated  by  converting  the  change  in  AO2  in  the  vessel  during 
the  experiment  from  mm  Hg  to  ml/1  using  the  tables  of  Green  and  Carritt  (1967). 

A  circulating  water  bath  (Forma  Scientific,  Inc.,  #2095-2  refrigerated  the  ex- 
ternal bath),  was  placed  above  the  magnetic  stirring  unit.  \Yater  temperature  was 
regulated  to  within  0.1°  C  in  the  respirometer  chamber.  The  stirring  bar  placed 
below  the  test  animal  kept  the  ambient  water  in  constant  circulation  during  the  ex- 
periment, equilibrating  oxygen  tension  and  temperature  throughout  the  vessel 
(Figure  1). 

Filtered  sea  water  was  used  in  the  respirometric  vessel,  and  was  brought  to 
equilibrium  with  air  by  gassing  through  a  fine  air  stone  for  at  least  30  minutes. 
Giese  et  ol.  (1966)  showed  microbial  respiration  to  be  a  negligible  factor  at  13°  C 
and  below,  so  the  use  of  antibiotics  was  suspended  in  all  but  the  experiments  at 
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FIGURE  1.    Representation  of  external  water  temperature  bath  and  respirometric  apparatus. 


23°  C.  The  oxygen  consumption  was  about  the  same  whether  buffer  was  added  to 
sea  water  or  omitted  (Lutz,  1930;  Childress,  1968),  though  some  carbon  dioxide 
accumulation  accompanied  by  a  pH  change  occurs  (Tang,  1933).  Therefore 
buffering  was  also  discontinued.  The  gas  phase  was  eliminated  from  the  cham- 
ber by  the  addition  of  sea  water  through  the  electrode  port  in  the  lid  of  the  chamber 
prior  to  insertion  of  the  electrode. 

Chamber  sizes  were  selected  to  provide  a  full-scale  response  (from  160  mm  Hg 
to  0  mm  Hg)  in  a  period  of  five  to  six  hours.  Contrary  to  the  findings  of  Johansen 
and  Vadas  (1967),  our  test  animals  failed  to  recover  from  exposure  to  an  AOo 
below  80  mm  Hg  for  more  than  one  or  two  hours  and  generally  died  three  or 
four  days  after  the  experiment.  For  this  reason,  only  data  from  experiments  of 
two  hours  duration  are  cited.  Calibration  of  the  electrode  was  checked  before 
and  after  each  run.  If  pre-experiment  and  post-experiment  calibrations  differed 
from  each  other  by  more  than  5%,  the  data  were  discarded. 

Prior  to  each  oxygen  depletion  experiment,  animals  placed  in  the  respirometric 
vessel  were  kept  in  aerated  sea  water  for  15  to  30  minutes  to  achieve  temperature 
equilibration  with  ambient  sea  water  and  to  minimize  the  effects  of  possible  excita- 
tion resulting  from  handling  (Halcrow  and  Boyd,  1967;  Childress,  1968). 
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Determinations  of  the  ppO^  of  perivisceral  fluid  and  gonacl  tissue  were  made 
with  a  Clark  needle  oxygen  electrode  (#17365),  Instrumentation  Laboratory, 
Lexington,  Massachusetts.  The  electrode  is  constructed  within  a  4-3/4  inch  long 
hollow  stainless  steel  shaft  of  0.2  mm  diameter,  and  is  covered  with  a  tubular  poly- 
propylene membrane,  closed  at  one  end,  containing  a  small  amount  of  electrolyte 
gel.  Because  the  electrode  is  of  small  diameter,  is  flexible,  and  is  relatively  rugged 
in  its  construction,  it  is  ideally  suited  to  investigations  of  this  kind.  The  elec- 
trode was  coupled  to  the  Beckman  Model  160  gas  analyzer.  Studies  of  tissue 
ppOs  with  this  instrument  must  be  analyzed  with  care,  as  electrophoretic  protein 
deposition,  while  probing  tissues,  may  "poison"  the  electrode  and  change  its  cali- 
bration (Silver,  1966).  However,  determinations  of  perivisceral  fluid  ppO?, 
which  has  a  low  protein  content,  can  be  made  without  concern.  The  needle  oxy- 
gen electrode  was  used  in  conjunction  with  an  open  chamber,  which  facilitated 
placement  of  the  electrode  into  a  known  locus  in  the  sea  urchin.  A  2  mm  hole 
drilled  in  the  test  of  the  sea  urchin  allowed  for  the  entry  of  the  electrode  into  the 
perivisceral  coelom.  As  clotting  of  the  perivisceral  fluid  sealed  the  shaft  of  the 
electrode  to  the  body  wall,  little  exchange  between  perivisceral  fluid  and  ambient 
sea  water  occurred  through  the  hole. 

Ambient  oxygen  partial  pressures  were  regulated  by  gassing  the  surrounding 
sea  water  with  air,  oxygen,  or  nitrogen,  and  were  monitored  with  a  YSI  Model  54 
Oxygen  Meter  and  YSI  #5034  oxygen  probe  (Yellow  Springs  Instrument  Com- 
pany, Yellow  Springs,  Ohio). 

EXPERIMENTAL  RESULTS 

Before  determining  the  oxygen  consumption  during  the  reproductive  cycle  it 
was  necessary  to  investigate  the  effects  of  some  relevant  variables  on  the  rate  of 
oxygen  consumption.  The  present  results  were  related  to  previous  manometric 
studies  by  performing  experiments  in  sequence  on  the  same  individuals  with  both 
manometry  and  oxygen  electrodes. 

O.rygen  consumption  at  different  ambient  oxygen  partial  pressures 

With  an  oxygen  electrode  in  a  closed  system  the  ambient  oxygen  partial  pres- 
sure (AOo)  falls  as  oxygen  is  consumed  by  the  animal.  It  was  therefore  necessary 
to  determine  the  effect  of  oxygen  partial  pressures  (ppO^)  on  oxygen  consump- 
tion rate.  A  typical  oxygen  depletion  curve  for  .V.  pitrpitratits  (Figure  2  and 
Table  I)  indicates  complete  conformity  between  Q02  and  ppOs  to  5-10  mm  Hg. 

During  the  first  two  hours  of  each  trial  the  AO^  was  depleted  to  the  level  of 
80-100  mm  Hg  (Figure  2),  equivalent  to  3.0  to  3.7  ml/1  at  13°  C.  Low  environ- 
mental partial  pressures  of  oxygen  are  rarely  encountered  by  -S".  pi/rpitratns  in  na- 
ture In  fact  the  environmental  partial  pressures  are  seldom  much  below  the  air 
saturation  level  (Home,  1969).  An  argument  could  thus  be  made  for  calculating 
the  oxygen  consumption  rate  on  the  basis  of  the  earlier  part  of  the  depletion  curve 
rather  than  the  two  hours  chosen  for  this  purpose,  because  the  higher  AO^  more 
nearly  represents  the  conditions  to  which  the  sea  urchins  are  generally  exposed 
in  nature. 

The  oxygen  consumption   rates  represented  in   Figure  3    (based  on   two-hour 
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FIGURE  2.  Typical  oxygen  depletion  curve  for  S.  pnrpuratus  in  a  closed  respirometer. 
Top  line  (dots)  indicates  ambient  oxygen  tension  (AO2)  as  a  function  of  time.  Bottom  line 
(squares)  represents  perivisceral  fluid  oxygen  tension  (PvfOa)  during  the  same  oxygen  de- 
pletion run. 

oxygen  depletion  experiments)  are  in  essential  agreement  with  the  results  of 
Johansen  and  Vadas  (1967)  and  the  oxygen  depletion  curves  are  similar  to  theirs 
of  S.  pitrpuratns.  However,  these  authors  did  not  indicate  from  which  part  of 
the  oxygen  depletion  curve  their  Qo2  values  were  calculated. 

Comparison  of  nianometry  and  o.rygen  electrodes 

Oxygen  consumption  rates  measured  with  Warburg  nianometry  are  uniformly 
higher  than  those  obtained  with  the  oxygen  electrode  system  for  equal  sized  sea 
urchins  (Figure  3),  probably  because  a  constant  AOo  is  maintained  in  the  water 
by  equilibration  with  the  reservoir  of  air  in  the  vessel,  though  possibly  excitation 
occurs  from  the  rocking  of  the  manometers.  Farmanfarmaian  ( 1959)  reports 
a  constant  rate  of  oxygen  consumption  throughout  each  two  to  three  hour  trial. 

Seasonal  and  temperature  background  as  it  affects  oxygen  consumption 

Data  of  seasonal  effects  on  oxygen  consumption  in  S.  pnrpiiratiis  have  been 
collected  only  incidentally  to  other  studies.  Seasonal  aspects  of  oxygen  consump- 
tion might  include  the  effects  of  factors  considered  later  which  change  with  sea- 
son, such  as  temperature,  nutrition,  and  reproductive  state.  Farmanfarmaian  and 


TABLE  I 

r  three  S.  purpuratus  calculated  for  each  hour  during  a  five  or  six-hour  run,  on  the  basis  of  the 
mean  ppO*  in  the  chamber  during  each  hour.  All  experiments  at  13°  C,  Qo.,  in  nl/g/hr. 


Hour 

Qf'2    (31.5   g) 

Qo2  (67.1  g) 

Qo2  (89.0  g) 

1 

17.65 

13.58 

9.70 

2 

7.77 

6.74 

5.15 

3 

7.05 

5.40 

4.24 

4 

6.85 

4.35 

3.55 

5 

3.94 

2.88 

1.90 

6 

0.75 

0.77 
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FIGURE  3.  Oxygen  consumption  in  S.  purfmratits  at  13°  C  as  a  function  of  whole  body 
wet  weight.  Top  line  represents  Warburg  manometric  data.  Bottom  line  shows  data  obtained 
with  oxygen  electrode  apparatus  described  in  text.  Vertical  lines  are  single  standard  devia- 
tion units  above  and  below  the  mean. 


Giese  (1963)  found  acclimation  to  lower  temperatures  (5°  C)  in  the  purple  sea 
urchin  over  a  period  of  15  to  30  days,  but  no  acclimation  to  higher  temperatures, 
and  the  animals  die  when  kept  at  temperatures  above  23.5°  C.  Ulbricht  and 
Pritchard  (1972)  found  metabolic  rate  independence  in  6\  purpuratus  between  12 
and  20°  C.  The  present  investigations  were  conducted  at  13°  C  with  sea  urchins 
which  had  been  held  at  that  temperature  for  one  to  three  weeks  prior  to  use. 

Tidal  and  circadian  rh\t1\ms  and  o.r\'(/cn  consumption 

Ulbricht  and  Pritchard  (1972)  studied  the  effect  of  tidal  cycles  and  time  of  day 
on  oxygen  consumption  in  S.  purpuranis,  using  oxygen  depletion  experiments  of 
36  hours'  duration.  They  found  no  indication  that  tidal  cycle  or  time  of  day  af- 
fects the  oxygen  consumption  rate.  No  evidence  to  the  contrary  was  found  in 
the  present  study  in  several  experiments  of  24  hours'  duration. 

Effect  of  oxygen  enrichment  on  oxygen  consumption 

Two  oxygen  electrode  studies  demonstrated  that  oxygen  consumption  of  S. 
purpuratus  at  ppOu  above  air  saturation  is  greater  than  in  air-saturated  sea  water. 
Thus  when  pure  oxygen  was  bubbled  through  filtered  sea  water  at  13°  C  to 
achieve  a  starting  AOo  of  390  to  400  mm  Hg,  2-hour  determinations  with  a  40.9  g 
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S.  pnrpiiratits  yielded  Qo2  values  of  18.4  to  18.6  /*l/g/hr.  AO2  during  the  2-hour 
run  was  depleted  from  390  mm  Hg  to  290  nun  Hg.  These  rates  are  ahout  twice 
the  Qo2  f°r  a  40  g  5".  purpnratiis  in  air-saturated  sea  water  at  this  temperautre 
(Figure  3). 

Oxygen  partial  pressure  of  per  wise  cral  fluid  as  a  jit  net  ion  of  oxygen 
partial  pressure  of  ambient  sea  water 

Representative  data  obtained  with  a  needle  oxygen  electrode  (Figure  2)  indi- 
cate a  PvfOa  between  40  and  60  mm  Hg  for  60  to  89  g  5.  purpuratus  in  sea  water 
near  air  saturation  (150  mm  Hg).  In  a  series  of  tests  for  sea  urchins  of  similar 
size  the  PvfO2  13°  C  was  found  to  vary  between  23  and  54  mm  Hg.  In  a  series 
of  tests  on  sea  urchins  of  differing  size,  the  PvfOo  was  found  to  increase  directly 
with  increase  in  size  (Figure  4). 

As  the  AOL.  falls  during  depletion  of  the  oxygen  in  a  closed  vessel  containing 
a  sea  urchin,  the  PvfO2  changes  little  during  the  first  25  minutes  following  which 
it  falls  in  parallel  with  the  AO2.  PvfOo  falls  to  zero  when  AO2  falls  to  about 
75-80  mm,  i.e.  about  one  half  of  the  air-saturation  level  (Figure  2).  With  the 
needle  oxygen  electrode  the  initial  temporary  rise  in  PvfO2  reported  by  Johansen 
and  Vadas  (1967)  was  not  observed  here. 
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FIGURE  4.  Perivisceral  fluid  ppO2  in  S.  purpuratus  as  a  function  of  whole  body  wet  weight 
at  13°  C.  The  coefficient  of  correlation  (r)  of  0.823  indicates  a  fairly  high  degree  of  rela- 
tionship between  these  two  factors.  Points  are  mean  PvO2.  High  and  low  extremes  during 
each  experiment  are  indicated  by  vertical  lines.  Least  squares  analysis  yields  a  y-intercept 
of  23.9,  and  a  slope  of  0.489. 
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Effect  of  body  size  on  oxygen  consumption 

The  relationship  of  oxygen  consumption  to  body  size  in  animals  is  usually  ex- 
pressed by  the  equation:  metabolism  =  k -body  weightb  where  k  and  b  are  con- 
stants (Prosser  and  Brown,  1965;  Newell,  1970).  The  value  of  b  for  larger 
metazoan  poikilotherms  is  often  quoted  as  0.73,  or  intermediate  between  propor- 
tionality to  weight  and  proportionality  to  surface  area  (Whitford  and  Hutchinson, 
1967).  This  relationship  is  characteristic  of  most  invertebrates  (Zeuthen,  1947), 
including  echinoderms  (Farmanfarmaian,  1959,  1966). 

Although  total  oxygen  consumption  is  higher  in  larger  5".  purpitratus,  the 
rate  of  oxygen  consumption  (expressed  as  Qo2)  is  higher  for  smaller  animals  than 
for  their  larger  counterparts  (Giese,  1966,  Figure  3).  The  value  of  b  for  S.  pur- 
pitratus over  the  wet  weight  range  of  10  to  110  grams  is  approximately  0.65,  a 
value  in  agreement  with  the  findings  of  McPherson  (1968)  for  Eucidaris  tri- 
buloides.  As  mentioned  by  Giese  (1966),  this  makes  body  size  (along  with  the 
nutritional  state)  an  important  factor  to  control  in  comparisons  of  oxygen  con- 
sumption data  for  effects  of  different  factors. 

O.vyyen  consumption  of  isolated  body  u'all 

Using  isolated  body  walls  from  5\  purpuratus  in  the  10  to  100  g  range,  body 
wall  oxygen  consumption  was  found  to  be  about  four  times  the  Qo2  f°r  the  intact 
animal  (Figure  5).  Although  the  data  are  insufficient  for  statistical  analysis,  the 
On.,  for  body  wall  tissue  from  small  individuals  was  higher  than  that  from  large 
individuals  (Table  II).  A  decrease  of  the  respiratory  rates  of  the  individual  tis- 
sues, with  an  increase  in  size  of  the  animal,  may  account  for  the  lower  Qo2  of 
large  as  compared  with  small  5".  pnrpuratus.  The  On.,  of  the  dissected  body  wall 
may  exceed  the  Qo.,  for  the  whole  animal  because  both  internal  and  external  body 
wall  surfaces  are  exposed  to  sea  water  near  saturation  with  air,  while  only  the 
external  surface  in  the  intact  animal  is  so  exposed ;  the  internal  surface  of  the 
intact  animal  is  exposed  to  fluid  containing  only  about  one  half  to  one  fifth  this 
much  oxygen.  Furthermore,  the  ambient  fluid  is  circulated  past  the  surface  of 
the  dissected  body  wall  much  more  rapidly  than  in  an  intact  animal,  thereby  con- 
siderably increasing  the  oxygen  available  to  the  tissue. 

It  is  also  possible  that  the  isolated  body  wall  had  a  higher  oxygen  consumption 
than  in  the  intact  animal  because  of  a  soluble  "injury  factor"  diffusing  from  the 
dissected  tissues.  To  test  this  the  filtered  and  aerated  supernatant  from  the 
crushed  body  wall  leached  in  sea  water  for  an  hour  was  added  to  sea  urchins.  No 
detectable  change  in  slope  of  the  oxygen  depletion  curve  was  observed  after  such 
additions  (three  experiments).  Thus,  the  O,,.,  for  intact  sea  urchins  before  ad- 
dition of  extract  averaged  10.2  /il/g/hr,  while  after  addition  of  extract  it  averaged 
10.4  /*l/g/hr. 

Effect  of  exposure  of  sea  urchins  to  air 

Since  air  contains  40  times  as  much  oxygen  as  sea  water,  it  might  be  reasoned 
that  a  sea  urchin  could  survive  in  air  provided  it  was  kept  moist.  This  appears 
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FIGURE   5.     Comparison   of   oxygen   consumption    in   intact   S.   purpitratus   and    the   body   wall 

component  only ;  four  trials  at  13°  C. 

to  be  the  case,  although  experiments  with  the  oxygen  needle  electrode  demonstrate 
that  the  PvfO^  of  sea  urchins  in  air  falls  to  almost  zero  after  three  hours  exposure 
and  remains  there  afterwards  (Figure  6).  This  indicates  the  interruption  of  oxy- 
gen transport  through  the  structures  of  the  body  wall  of  a  sea  urchin  in  air. 
These  data  are  in  agreement  with  those  of  Johansen  and  Vadas  (1967)  for  S. 
piirpuratiis.  Assuming  no  entry  of  oxygen  from  ambient  sea  water  to  ambulacral 


TABLE  1 1 

<2o.2  (p.l/g/hr)  of  the  body  wall  as  a  function  of  body  size  (wet  weight)  in 

S.  purpuratus  at  13°  C. 


Wet  weight 
(g) 

Body  wall  index 

Whole  body 
Qo2 

Body  wall 
Qo2 

10.5 

61.5 

28.6 

39.0 

62.9 

44.2 

11.1 

30.7 

72.3 

41.2 

6.49 

24.9 

83.0 

44.2 

5.78 

23.4 

94.6 

48.3 

4.57 

18.2 

96.1 

46.3 

8.85 

18.2 
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FIGURE  6.     Needle  electrode   data   indicating   the   change   in   perivisceral    fluid   oxygen   tension 

with  time  in  S.  purpuratus  in  air  at  13°  C. 

fluid  during  air  exposure,  on  the  basis  of  the  oxygen  depletion  curve,  the  Qo2  for 
the  internal  tissue  is  calculated  to  be  0.64  //.1/g/hr.  This  is  about  one-tenth  the 
expected  Qo2  f°r  tissue  of  a  sea  urchin  of  this  size,  and  is  about  one-half  that  for 
perivisceral  fluid  outside  of  the  animal  measured  manometrically  by  Giese,  Far- 
manfarmaian,  Hilden  and  Doezema  (1966). 

Oxygen  transport  to  the  ambulacral  system  was  stopped  in  another  way  by 
covering  a  sea  urchin  with  Vaseline  (Table  III),  a  procedure  which  totally  ob- 
structs the  exchange  of  oxygen  with  the  body  wall  epithelium  and  tube  feet  ( Far- 
manfarmaian,  1966).  During  this  experiment  the  PvfOo  was  depleted  from  40 
mm  Hg  to  zero  in  about  1.5  hours,  yielding  a  Qo2  for  internal  tissues  of  1.18 
jul/g/hr.  This  value  and  the  value  from  sea  urchins  exposed  to  air  indicate  that 
the  Qo2  °f  the  internal  tissues  probably  accounts  for  no  more  than  10  "/o  of  the 
total  oxygen  consumption  of  the  intact  S.  purpuratus. 

Although  oxygen  transport  into  the  perivisceral  coelom  is  interrupted  during 
air  exposure  (FV.ure  6),  the  outer  body  wall  obtains  ample  oxygen  so  long  as 
the  respiratory  surface  remains  moist.  Sea  urchins  used  in  the  3  hour  air  ex- 
posure experiments  recover  completely  when  returned  to  aquaria. 

Oxygen  consumption  during  the  reproductive  cvcle 

As  measured  by  gonad  index  (Lasker  and  Giese,  1954)  the  reproductive 
cycle  of  .9.  purpuratus  on  the  central  California  coast  reaches  its  peak  between 
November  and  January;  spawnout  occurs  between  January  and  March  (Giese, 


TABLE  III 

Comparison  of  the  Qoz  of  internal  tissues  in  the  intact  S.  purpuratus  at  13°  C,  one  animal  in  air,  the 
other  covered  with  Vaseline;  Qn^for  a  whole  animal  in  sea  water  at  bottom. 

Wet  weight  (g) 


Air  exposure 
Vaseline-covered 


46.8 
36.2 


0.64 
1.18 


Whole  body  Q,,2 
in  sea  water 


38.7 


8.9 
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1959).  The  gonad  index  reaches  its  lowest  value  between  March  and  May.  A 
maximal  gonad  index  of  about  25  has  been  measured  for  some  members  of  a 
population  near  the  peak,  but  the  average  for  the  present  season  near  the  peak  was 
about  15;  spawning  is  asynchronous — usually  some  individuals  had  spawned  out 
when  others  were  reaching  the  peak  gonad  size.  The  minimal  gonad  index  varies 
between  3  and  5,  but  previous  studies  recorded  values  as  low  as  1. 

The  oxygen  consumption  of  sea  urchins  was  measured  at  various  times  during 
the  reproductive  cycle  and  the  urchins  were  then  dissected  and  the  gonad  index 
determined.  The  oxygen  consumption  rates  were  found  to  vary  considerably  for 
animals  with  both  high  and  low  gonad  index  (Table  IV).  Part  of  this  variation 
is  a  result  of  the  variation  in  size.  However,  animals  of  the  same  size  and  same 
gonad  index  varied  considerably  in  their  oxygen  consumption.  Since  the  factors 
considered  to  influence  oxygen  consumption  were  tested  and  taken  into  account 
in  preparing  for  the  present  measurements,  some  factor  other  than  those  con- 
sidered, and  other  than  gonad  index,  must  introduce  the  variability.  That  factor 
has  remained  elusive. 

The  major  point  of  these  experiments,  however,  was  to  determine  whether  the 
gonads  were  contributing  appreciably  to  the  oxygen  consumption  since  they  ac- 
count for  most  of  the  doubling  in  organic  matter  in  a  gravid  sea  urchin.  Tests 
of  the  gonads  with  the  needle  oxygen  electrode  at  various  times  during  the  repro- 
ductive cycle  in  all  cases  gave  ppO2  values  between  0.0  to  10.0  mm  Hg  (Figure 
7).  The  method  is  inadequate  to  tell  whether  the  higher  values  are  for  smaller 
gonads,  because  the  same  gonad  gives  different  values  on  repeated  trials. 

Similarly,  when  measurements  were  made  of  the  PvfOo.  an  inverse  correlation 
was  found  between  PvfO?  and  weight  of  the  sea  urchin  (Figure  4),  rather  than 
with  gonad  index,  but  the  difficulties  in  making  measurements  with  the  oxygen 
micro  electrode  when  the  coelom  is  filled  with  tissue  made  it  difficult  to  get  relia- 
ble data  for  gravid  sea  urchins.  The  data  are  therefore  mainly  from  specimens 
of  low  gonad  index.  These  data  indicate  that  the  PvfOo  is  between  20  and  50% 
of  the  sea  water  saturation  values  of  oxygen. 


TABLE  IV 

The  whole  body  Qo,  as  a  function  of  gonad  index  in  S.  purpuratus  at  13°  C.  Least  squares  analysis 
gives  Y  intercept  of  9.76  and  a  slope  of  —0.117,  indicating  little  correlation  between  gonad  index 

and  oxygen  consumption  (Qo2). 


Gonad  index 

Wet  weight 

Qo2 

Gonad  index 

Wet  weight 

Qo, 

20.1 

54.7 

6.9 

8.9 

28.1 

6.8 

18.1 

112.1 

7.8 

8.7 

62.9 

11.1 

15.4 

33.2 

8.7 

7.4 

33.4 

11.5 

14.5 

92.4 

7.9 

5.2 

72.1 

6.0 

14.1 

110.3 

8.4 

5.2 

59.3 

7.8 

13.2 

93.5 

4.5 

4.2 

89.0 

4.6 

12.5 

43.5 

12.5 

3.8 

38.6 

9.6 

12.3 

38.7 

8.9 

3.1 

39.3 

16.9 

9.7 

19.3 

6.7 

2.1 

59.6 

5.5 

9.0 

44.2 

9.1 

1.5 

46.5 

11.9 
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FIGURE  7.  Representative  data  obtained  with  the  needle  oxygen  electrode.  Beginning 
with  calibration  in  air  saturation  (157  mm  Hg)  the  electrode  is  inserted  through  a  hole  drilled 
through  the  test  into  the  perivisceral  coelom.  The  perivisceral  fluid  oxygen  partial  pressure 
(PvO2)  is  determined  when  a  stable  reading  is  achieved.  The  electrode  is  then  withdrawn 
into  ambient  sea  water  and  the  calibration  is  checked  (a).  When  stable  at  air  saturation,  the 
electrode  is  reinserted  into  gonad  tissue  (g),  and  a  reading  is  made  when  a  stable  output  is 
once  again  obtained.  Two  additional  readings  of  PvO«  and  one  of  gonad  tissue  are  represented. 


DISCUSSION 

The  main  purpose  of  the  present  study  was  to  ascertain  the  reason  for  the 
finding  that  the  rate  of  oxygen  consumption  (O<>._.)  of  the  purple  sea  urchin  de- 
termined manometrically  does  not  increase  with  increase  in  gonad  size  at  the  peak 
of  the  reproductive  cycle  when  the  total  organic  content  of  the  body  just  about 
doubles  (Giese,  Farmanfarmaian,  Hilden,  and  Doezema,  1966).  The  authors  of 
the  study  quoted  demonstrated  that  when  the  oxygen  consumption  of  the  body 
components  was  separately  determined  the  summated  Q<>2  for  the  entire  body  did 
increase  with  the  increase  in  size  of  the  gonads.  They  postulated  that  the  limit- 
ing factor  for  such  increased  oxygen  consumption  in  intact  animals  must  be  the 
lack  of  oxygen  in  the  perivisceral  fluid  to  supply  the  oxygen  to  the  internal  tissues. 
In  other  words,  only  the  superficial  cells  in  the  large  gonads  wrere  probably  ade- 
quately supplied  with  oxygen  and  the  bulk  of  the  tissue  had  to  take  care  of  its 
metabolic  needs  by  anaerobic  processes. 

The  present  study  using  oxygen  electrode  techniques  corroborates  the  finding 
of  a  lack  of  correspondence  between  the  size  of  the  gonad  and  the  rate  of  oxygen 
consumption  which  appears  to  depend  mainly  upon  the  size  of  the  animal,  other 
tilings  being  equal.  The  present  study  also  supplies  the  information  on  the  partial 
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pressure  of  oxygen  in  the  perivisceral  fluid  bathing  the  tissues,  indicating  that 
indeed  it  is  low — at  about  20  to  S0%>  of  the  air-saturation  value — and  limits  the 
rate  of  respiration  of  the  internal  tissues,  which  probably  contribute  only  about 
10  per  cent  of  the  total  oxygen  consumption  of  the  sea  urchin  body.  Unless 
oxygen  is  continuously  supplied  the  partial  pressure  of  oxygen  falls  as  the  tissues 
deplete  it.  Furthermore,  measurements  with  a  needle  oxygen  electrode  demon- 
strate that  the  partial  pressure  of  oxygen  inside  of  tissues  such  as  the  gonad  is 
indeed  very  low,  between  10  mm  Hg  and  zero.  Such  tissues  are  therefore  inter- 
nally anaerobic.  Little  is  known  of  the  anaerobic  metabolism  of  tissues  of  the 
purple  sea  urchin,  a  study  of  which  might  be  quite  rewarding.  Thus,  regardless 
of  the  increase  in  mass  and  organic  content  (as  measured  by  the  total  nitrogen 
of  the  gonads  as  they  near  the  peak  of  the  reproductive  cycle),  no  corresponding 
oxygen  consumption  is  found  nor  is  it  to  be  expected  considering  the  limiting 
oxygen  supply  in  the  perivisceral  fluid  demonstrated  here.  It  is  possible  that  the 
variation  in  the  measurements  of  perivisceral  fluid  oxygen  may  be  a  result  of 
different  locations  of  the  electrode  in  the  coelom.  Owing  to  the  poor  circulation 
of  the  perivisceral  fluid  in  the  coelom,  it  is  possible  that  next  to  the  tissues  where 
oxygen  consumption  occurs,  the  PvfOo  is  much  lower  than  in  the  bulk  of  the  fluid. 

In  the  majority  of  the  present  experiments  the  oxygen  depletion  curve  levels 
off  before  the  last  traces  of  oxygen  have  been  consumed,  a  phenomenon  also  re- 
ported by  Johansen  and  Vadas  (1967)  in  5".  purpuratits  and  5".  droebachiensis, 
and  by  Mangum,  Kushins  and  Sassaman  (1970)  in  many  invertebrate  species. 
Apparently  the  animal  has  either  reverted  completely  to  anaerobic  respiration  at 
these  low  ambient  oxygen  partial  pressures,  or  aerobic  respiration  is  at  such  low 
levels  as  to  be  undetectable  with  the  oxygen  electrode. 

The  value  for  oxygen  consumption  of  the  purple  sea  urchin,  5".  purpuraius, 
determined  by  the  oxygen  electrode  is  somewhat  lower  than  that  determined  by 
the  manometric  method,  though  both  are  of  the  same  order  of  magnitude.  The 
higher  values  for  the  manometric  method  are  probably  attributable  to  the  higher 
oxygen  partial  pressure  of  the  fluid  continuously  mixed  with  the  air  in  the  chamber. 
In  the  closed  and  fluid-filled  chamber  used  with  the  oxygen  electrode,  the  partial 
pressure  of  oxygen  around  the  experimental  animal  declines  at  a  rapid  rate. 

The  present  data  provide  information  on  a  number  of  problems  other  than 
the  relation  between  oxygen  consumption  and  the  reproductive  cycle.  Johansen 
and  Vadas  (1967)  report  that  S.  purpuratns  regulates  its  oxygen  consumption 
rate  down  to  AO2  levels  of  60  to  70  mm  Hg,  and  conclude  that  the  Qo._,  is  closely 
related  to  the  ppOo  of  internal  tissues  and  to  the  AOo.  They  also  consider  the 
great  variation  of  PvfOo  of  sea  urchins  in  nature  as  evidence  of  metabolic  regu- 
lation in  S.  purpuratns,  but  do  not  speak  to  the  effect  of  body  size  on  the  PvfO2. 
The  results  of  this  investigation  contradict  these  statements.  We  find  that  PvfO2 
correlates  inversely  with  the  relative  amount  of  body  wall  tissue  (body  wall  index. 
Figure  4)  in  S.  purpuratns,  and  therefore,  with  the  Q02  of  the  intact  animal.  In 
other  words,  the  PvfOo  in  small  sea  urchins  is  low  in  the  presence  of  propor- 
tionally more  body  wall  tissue  of  relatively  high  Qo2  compared  with  large  indi- 
viduals. Apparently  the  important  determinant  of  QoL>  in  S.  pitrpuratus  is  the 
response  of  body  wall  tissue  to  the  AO2.  Specimens  of  S.  purpuratus  and  the 
dissected  body  wall  component  are  both  strict  conformers  and  respire  in  direct 
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proportion  to  the  availability  of  environmental  oxygen.  The  relatively  high  oxy- 
gen consumption  of  hody  wall  tissue  and  its  dependence  upon  environmental 
oxygen  partial  pressure  determine  the  GoL.  of  the  intact  sea  urchin;  there  is  thus 
no  need  to  invoke  regulation. 

Data  concerning  the  recovery  of  S.  [>nr[>nmtits  after  periods  of  oxygen  stress 
and  air  exposure  may  also  he  explained  by  high  body  wall  respiration.  During 
exposure  to  air  the  tube  feet,  normally  extended  during  submergence,  are  col- 
lapsed. This  greatly  reduces  the  transport  of  oxygen  across  the  tube  feet  to 
the  water  vascular  system,  and  to  the  internal  tissues.  This  subjects  such  tissues, 
which  are  adapted  to  low  ppOi>,  to  almost  anaerobic  conditions.  The  outer  surface 
of  the  body  wall,  while  moist,  and  the  inner  surface — to  the  extent  it  is  reached 
by  diffusion  of  oxygen  from  the  air — have  abundant  oxygen  available  during  air 
exposure. 

Tn  contrast  to  total  recovery  from  air  exposure  after  return  to  air-saturated 
sea  water,  recovery  of  vS\  f>nrf>itratus  from  exposure  to  low  ambient  oxygen  in 
sea  water  (below  80  mm  Hg)  for  more  than  one  or  two  hours  is  generally  poor. 
Fewer  than  W%  of  the  .V.  pnrpitratus  exposed  to  periods  of  oxygen  stress  re- 
mained alive  for  more  than  three  days  following  their  replacement  into  aerated 
aquaria.  Periods  of  oxygen  stress  initiate  the  breakdown  of  the  outer  body  wall 
in  .V.  piirfiiiratns,  as  evidence  by  the  loss  of  spines,  the  lack  of  normal  extension 
of  the  tube  feet,  and  the  release  of  echinochrome  into  the  water. 


SUMMARY 

1.  The  rate  of  respiration    (Go.,)    of  the   sea  urchin   Strongylocentrotus  [>ur- 
pitratus  measured  with  an  oxygen  electrode  parallels  but  is  somewhat  lower  than 
that  determined  manometrically  on   the   same  individuals  under   the   same  condi- 
tions.    The  higher  values  of  the  GO.,  obtained  manometrically  are  attributable  to 
the  higher  partial  pressure  of  oxygen  (ppOL.)   in  the  fluid  of  the  manometric  ves- 
sels continuously  equilibrated   with  air  as  compared  to  the  closed   chamber   used 
with  the  oxygen  electrode,  in  which  the  ppOj  is  continuously  falling. 

2.  The  effects  of  a  number  of  factors  on  Go.,  were  determined:  ppO-   (includ- 
ing oxygen  enrichment  ),  relation  between  ambient  oxygen  partial  pressure  (AOL.), 
perivisceral    oxygen    partial    pressure    (PvfO2)    and    effect   of   body    size    on    Go., 
oxygen  consumption  of  isolated  and  intact  body  wall  ;  and  the  main  thrust  of  this 
investigation — the  change  in  oxygen  consumption  during  the  reproductive  cycle. 

3.  The  sea  urchin  is  an  oxygen  conformer,  its  oxygen  consumption  being  de- 
pendent upon  the  oxygen  partial  pressure  from  above-air  saturated  partial   pres- 
sure following  enrichment  with  oxygen  down   to   10  mm   Hg.     The  oxygen  par- 
tial pressure  of  the  perivisceral  fluid  is  also  dependent  upon  the  ambient  oxygen 
partial  pressure.     The  strict  conformity   of  body   wall   tissue  is   the   determining 
factor  in  the  response  of  the  whole  body  G02  to  ambient  oxygen  partial  pressure. 
Internal  oxygen  partial  pressures  are  the  result  of  low  internal  oxygen  availability 
after  the  body  wall  oxygen  demand  has  been  met,  and  do  not  determine  the  whole 
body  Qoo  in  S.  pitrpnnitus. 

4.  5".  pnrpuralits  exhibits  no   systematic  change   in   the  Goo  as   the   reproduc- 
tive cycle   (as  measured  by  the  gonad  index)   reaches  its  peak,  although  the  data 
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are  quite  variable.  Relatively  low  perivisceral  fluid  oxygen  partial  pressures  ob- 
tain throughout  the  year,  and  the  gonadal  tissue  is  under  a  nearly  anaerobic  con- 
dition at  all  times.  The  low  oxygen  availability  to  the  gonadal  tissues  results 
in  their  having  little  input  into  the  whole  body  Qo2  of  the  sea  urchin. 

5.  S.  pitrpnratus  cannot  withstand  ambient  oxygen  partial  pressures  below 
the  80  to  100  mm  Hg  level  for  more  than  one  or  two  hours  due,  apparently,  to 
the  sensitivity  of  the  body  wall  to  attenuated  ambient  oxygen.  This  is  an  im- 
portant factor  in  restricting  this  species  to  habitats  near  the  air  saturation  level 
of  ppOo. 
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The  following  corrected  version  of  Figure  1  should  be  substituted  for  Figure  1 
as  printed  on  page  679,  in  the  paper  by  Graham  Walker  entitled,  "The  occurrence, 
distribution  and  attachment  of  the  pedunculate  barnacle  Octolasniis  mnlleri  (Coker) 
on  the  gills  of  crabs,  particularly  the  blue  crab,  Callinectcs  sapid  its  Rathbun"  (1974, 
Biol.Bitll.,  147:678-689). 


(a) 


,\v 


FIGURE  1.  (a)  A  drawing  of  the  4th  gill  of  Callinectcs  sapidits  showing  the  paired  platelets 
(pi.),  small  afferent  vessel  (a.v.)  and  larger  efferent  vessel  (e.v.)  ;  (b)  drawing  of  gill 
platelets  taken  from  different  regions  (1,  2,  3,  4)  of  the  same  gill.  The  platelets  are  divided 
into  afferent  (aff.)  and  efferent  (eff.)  zones  and  show  the  marginal  projections:  spines  a,  b, 
d,  f,  g  and  knobs  c  and  e ;  a.v.,  afferent  vessel ;  e.v.,  efferent  vessel ;  sp.,  spine. 
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SURFACE  ULTRASTRUCTURE  OF  THE  SCYPHOPOLYP, 

CHRYSAORA  QUINQUECIRRHA 

Reference:  Biol.  Bull.,  148:  181-192.     (April,  1975) 

RICHARD  S.  BLANQUET  AND  BRUCE  WETZEL 

Department  of  Biology,  Georgetown  University,  Washington,  D.  C.  20007,  and  Dermatology 
Branch,  National  Cancer  Institute,  Bethesda,  Maryland  20014 

Cniclarians  are  aquatic  animals  thought  to  represent  the  simplest  and  perhaps 
basic  structural  organization  of  multicellular,  metazoan  organisms.  The  body  plan 
consists  of  a  blind  sac  with  a  single  opening,  the  mouth,  surrounded  by  tentacles. 
The  body  wall  consists  of  two  cell  layers ;  an  outer  epidermis  and  an  inner  gastro- 
dermis  separated  by  a  gelatinous  mesoglea  of  varying  thickness  and  cellularity. 
The  enclosed  space  is  referred  to  as  the  gastrocoel  or  gastrovascular  cavity.  Water 
in  the  gastrocoel  is  occasionally  flushed  by  periodic  body  contractions  and,  in  many 
cases,  continually  by  currents  generated  by  ciliated  gastrodermal  cells.  Cells  of 
both  epithelial  layers  thus  have  direct  contact  with  the  external  environment. 

In  diploblastic  organisms,  functional  specialization  involves  the  differential  dis- 
tribution of  various  cell  types,  as  well  as  structural  specialization  of  the  surface 
of  individual  cells.  Despite  the  importance  of  cell  interaction  with  the  environ- 
ment in  cnidarian  function,  little  consideration  has  been  given  to  surface  ultra- 
structure  in  contrast  to  the  extensive  literature  dealing  with  various  other  aspects 
of  the  relatively  few  cnidarian  cell  types.  Furthermore,  most  of  these  studies 
represent  the  classes  Hydrozoa  and  Anthozoa.  Therefore,  this  study  was  under- 
taken to  characterize  the  surface  features  of  a  Scyphozoan  polyp,  Chrysaora 
qulnqitecirrha  by  scanning  electron  microscopy  and,  when  possible,  to  relate  such 
structure  to  function. 

MATERIALS  AND  METHODS 

The  polyps  used  in  this  study  were  obtained  from  populations  of  CJirysaora 
quinquecirrha  maintained  in  culture  in  the  laboratory.  Specimens  were  prepared 
for  scanning  electron  microscopy  (SEM)  by  fixation  at  room  temperature  in  5% 
glutaraldehyde  made  up  with  sea  water  (10%c).  Polyps  were  rinsed  in  tap  water 
for  30  minutes,  dehydrated  through  a  graded  ethanol  series  to  isoamylacetate,  and 
dried  by  the  critical  point  method  with  carbon  dioxide.  For  observation  of  gastro- 
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dermal  structures,  some  dried  polyps  were  sectioned  longitudinally  with  microfor- 
ceps  and  a  razor  blade.  The  animals  were  then  affixed  to  specimen  stubs  with 
scotch  (3M)  transfer  tape,  coated  with  carbon  and  gold-palladium,  and  examined 
with  an  Etec  Autoscan  electron  microscope  operated  at  45°  tilt  and  at  20  kV  unless 
otherwise  indicated. 

Observations  on  living  specimens  were  made  using  bright  field  and  phase  con- 
trast microscopy.  Studies  of  currents  generated  by  ciliary  motion  were  facilitated 
by  the  addition  of  a  dilute  suspension  of  carmine  particles.  Gastrodermal  currents 
were  observed  in  animals  which  were  cut  in  half  lengthwise  with  a  razor  blade. 


RESULTS 

Chrysaora  polyps  are  goblet-shaped  organisms  which  attach  to  hard  substrata 
by  means  of  an  aboral  pedal  disc  (Fig.  1).  A  slender  body  region,  the  stalk,  ex- 
tends from  this  point  of  attachment  and  then  widens  abruptly  to  form  the  calyx. 
The  oral  disc  (Fig.  2),  with  its  centrally  located  mouth  and  surrounded  by  a 
single  row  of  tentacles,  forms  the  distal  end. 

Epidermis 

All  regions  of  the  epidermis  are  ciliated.  A  moderate  number  of  cilia  appear 
on  the  oral  disc  and  epithelium  between  the  tentacles  (Figs.  2,  3).  In  contrast,  the 
upper  calyx  is  more  heavily  ciliated  (Fig.  4)  with  the  incidence  of  cilia  decreasing 
toward  the  lower  portion  of  the  calyx  (Fig.  5)  and  along  the  stalk  toward  the  pedal 
disc. 

Most  cells  possess  a  single  cilium  surrounded  at  the  base  by  a  circlet  of  small, 
closely  spaced  microvilli  (Figs.  5,  6).  The  cilia  on  the  oral  disc  arise  from  a 
crater  formed  by  the  fusion  of  9-12  microvilli  (Fig.  6)  and  are  highly  motile. 
Cilia  of  this  nature  are  also  common  on  the  calyx  and  tentacles  (Figs.  7,  8).  In 
addition  to  those  surrounding  the  cilia,  epidermal  cells  of  tentacles,  calyx  and  stalk 
possess  numerous,  scattered  microvilli  (Figs.  5,  7).  Fine,  filamentous  strands 
which  occur  between  microvilli  (Fig.  5)  are  thought  to  represent  mucus  preserved 
during  fixation.  There  is  a  conspicuous  paucity  of  microvilli  on  the  oral  disc 
(Figs.  3,  6). 

Other  cilia  arise  from  a  broad,  conical  base  (Fig.  8)  probably  consisting  of 
fused  microvilli.  These  cilia  are  most  abundant  on  the  tentacles.  They  are  present 
to  a  lesser  extent  on  the  calyx,  and  they  are  occasionally  seen  on  the  stalk.  The 
distribution  of  these  broad-based  cilia  corresponds  to  the  distribution  of  nematocysts 
observed  by  light  microscopy  in  living  polyps.  Discharged  nematocyst  threads 
originate  in  close  proximity  to  the  broad,  conical  bases  ( Figs.  9,  10 )  and  thus 
these  cilia  are  considered  to  be  cnidocils.  As  viewed  by  phase  microscopy  in  living 
animals,  cnidocils  appear  as  long,  fairly  straight  structures  which  vibrate  slightly 
in  the  current  generated  by  the  motile  epithelial  cilia. 

Two  types  of  nematocysts,  microbasic  euryteles  and  atrichous  isorhizas  (nomen- 
clature according  to  Weill  1930,  1934),  are  abundant  on  the  tentacles  and  to  a 
lesser  extent  on  the  calyx.  Atrichous  isorhizas  actually  possess  small,  uniformly 
distributed  barbs  along  the  dischaged  thread  (Figs.  7,  9,  10).  Tentacle  nemato- 
cysts can  be  made  to  discharge  when  the  polyp  is  placed  in  0.5%  acidified  methylene 
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FIGURE  1.  Chrysaura  polyp  illustrating  the  major  body  regions;  tentacles  (T),  calyx  (C) 
and  stalk  (S). 

FIGURE  2.  Oral  disc  (OD)  revealed  by  removal  of  most  surrounding  tentacles  (T).  The 
mouth  (M)  is  centered  in  a  raised  hypostome  with  four  radial  folds. 

FIGURE  3.  Oral  disc  showing  sparse  ciliation  and  few  microvilli  on  the  smooth  cell  surfaces. 
Compare  with  the  heavily  ciliated  inner  surface  of  the  oral  disc  (Fig.  12)  ;  10  ,um  scale  marker. 
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FIGURE  4.  Heavily  ciliated  region  of  the  upper  calyx.  Most  cilia  are  curved  in  the  same 
direction  suggestive  of  ciliary  movement  and  consistent  with  the  rapid  current  observed  in  this 
area ;  10  AUII  scale  marker. 

FIGURE  5.  Surface  of  lower  calyx  with  fewer  cilia  and  numerous  microvilli.  Microvilli  are 
loosely  clustered  around  the  base  of  each  cilium.  Note  the  numerous  bacteria  (B)  adhering  to 
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blue.     Nematocysts  in  the  calyx  also  discharge  under  these  conditions  and  thus 
are  probably  functional  on  the  body  as  well. 

Gastrodermis 

In  scyphopolyps,  the  gastrocoel  is  divided  by  four  septae  which  extend  from  the 
region  of  the  oral  disc  to  the  junction  of  the  calyx  and  stalk  (Fig.  11).  Of  particu- 
lar interest  is  the  nature  of  the  epithelium  which  lines  the  oral  disc  and  the  free 
edges  of  the  septae.  This  epithelium  has  been  referred  to  by  Chapman  (1966)  as 
the  scyphopharynx-filament  complex  (SPC)  and  its  distinctive  appearance  in  com- 
parison to  other  regions  of  the  polyp  has  long  been  recognized  (Tcheou-Tai- 
Chuin,  1930). 

The  SPC  is  the  most  heavily  ciliated  region  of  the  polyp  (Figs.  12,  13).  Most 
cilia  arise  from  circlets  of  short,  fused  microvilli.  Many  cilia  in  this  region, 
especially  along  the  septal  edge,  are  surrounded  by  rather  long,  fused  microvilli 
(Fig.  14)  which  form  broad  conical  bases  like  those  which  distinguish  tentacle 
cnidocils.  Nematocysts,  mainly  microbasic  euryteles,  are  abundant  on  the  septae, 
particularly  along  the  free  edge.  Numerous  microvilli  are  interspersed  among  the 
cilia. 

Large,  smooth,  dome-shaped  structures,  approximately  3/mi  in  size,  and  sur- 
rounded by  microvilli  (Fig.  14),  occur  on  the  septal  epithelium  and  inner  surface 
of  the  oral  disc.  These  structures  may  represent  nematocyst  sites  or  the  release 
of  secretory  material.  Cells  of  the  SPC  are  capable  of  ingesting  small  particles  as 
evidenced  by  the  ingestion  of  carmine  particles  which  remain  in  such  cells  for 
several  days  afterwards. 

Gastrodermal  cells  (Fig.  15)  which  constitute  the  remainder  of  the  gastrocoel 
lining  possess  a  single  cilium  and  extremely  abundant,  long  microvilli  consistent 
with  their  absorptive  function. 

Ciliary  currents 

Bright  field  and  phase  contrast  microscopy  reveals  that  cilia  associated  with 
epidermal  and  gastrodermal  cells  are  highly  motile.  Motile  epidermal  cilia  gen- 
erate a  vigorous  current  which  flows  distally  from  the  pedal  disc,  along  the  body 
column,  tentacles  and  oral  disc,  carrying  small  particles  away  from  the  organism 
(Fig.  16).  A  similar  current  exists  along  the  gastrodermal  epithelium  (Fig.  17). 
Carmine  particles  falling  on  the  gastric  septae  and  body  wall  are  carried  toward 
the  mouth.  The  current  is  particularly  rapid  along  the  septal  edge. 

Attempts  to  reverse  the  ciliary  beat  either  mechanically  or  chemically  by  feed- 
ing activators  were  unsuccessful.  The  addition  of  Artemia  extracts  or  a  10~5  M 
reduced  glutathione  solution  resulted  in  a  typical  feeding  response  (Loeb  & 
Blanquet,  1973)  with  no  reversal  of  either  external  or  internal  currents.  During 

the  surface  and  the  fine,  filamentous  strands  which  extend  between  microvilli;    10  //.m  scale 
marker. 

FIGURE  6.  Epithelial  surface  of  the  oral  disc.  Cilia  arise  from  craters  formed  by  a  circlet 
of  short,  fused  microvilli.  Few  microvilli  occur  elsewhere  on  the  cell  surface;  10  nm  scale 
marker. 
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FIGURE  7.  Surface  of  tentacle  showing  the  distribution  of  cilia  and  microvilli.  A  free 
nematocyst  (N,  holotrichous  isorhiza)  with  its  everted,  barbed  thread  is  present.  Discharged 
threads  of  unliherated  nematocysts  are  also  seen.  Numerous  broad-based  cnidocils  appear  on 
the  tentacle  surface  (e.g.,  arrow)  ;  10  fj.m  scale  marker. 
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feeding,  the  tentacles  bend  toward  the  mouth  and  are  frequently  inserted  into  the 
gastrocoel.  In  this  position,  small  particles  may  be  swept  into  the  gastrocoel  by 
the  current  along  the  tentacles.  These  are  caught  almost  immediately  in  the  out- 
ward flow  and  are  carried  away.  Thus,  in  both  feeding  and  non-feeding  situations, 
small  particles  move  away  from  the  polyp. 

DISCUSSION 

The  scyphopolyp,  or  scyphistoma,  represents  the  asexual  reproductive  stage 
in  the  dimorphic  life  cycle  of  many  scyphozoan  medusae.  Such  polyps  are  struc- 
turally more  complex  than  hydrozoan  polyps  but  less  complex  than  anthozoan 
polyps.  Compared  to  the  extensive  research  carried  out  on  hydrozoan  and  antho- 
zoan polyps,  little  work  has  been  done  on  scyphistomae. 

Consideration  of  cell  surface  interaction  with  the  environment  is  essential  to  an 
understanding  of  cnidarian  function.  Scanning  electron  microscopy  (SEM)  is 
ideally  suited  to  survey  the  surfaces  of  small  organisms.  The  excellent  resolution, 
increased  depth  of  field  and  the  three  dimensional  effect  of  SEM  images  enables  the 
study  of  the  detailed  morphology  and  distribution  of  fine  surface  features.  To  our 
knowledge,  however,  only  one  survey  of  both  the  epidermal  and  gastrodermal 
epithelia  of  a  cnidarian  polyp  has  been  reported  (Beams,  Kessel  and  Shih,  1973). 
This  work  concerned  the  fresh  water  polyp,  Hydra,  and  we  believe  the  present 
investigation  on  Chrysaora  is  the  first  such  study  on  a  scyphozoan  polyp.  SEM 
enables  a  better  integration  of  data  from  light  and  transmission  electron  microscopy 
and  allows  a  more  accurate  correlation  of  structure  and  function.  This  is  of  value 
in  comparative  studies  and  in  the  understanding  of  the  structural  adaptation  of 
polyps  to  different  environments. 

In  marked  contrast  to  Hydra,  all  regions  of  Chrysaora  are  extensively  ciliated. 
The  appearance  and  arrangement  of  microvilli  around  the  bases  of  Chrysaora  cilia 
varies;  these  microvillar  configurations  being  distributed  differentially  over  the 
polyp.  In  Chrysaora,  the  tentacles,  upper  calyx,  and  especially  the  scyphopharyn- 
geal-filament  complex  (SPC)  represent  the  most  heavily  ciliated  regions  of  the 
polyp.  As  these  regions  are  most  likely  to  receive  external  stimuli,  the  distribution 
of  cilia  is  consistent  with  the  possible  function  of  at  least  some  as  sensory  receptors. 
A  well  developed  sensory  capability  would  especially  benefit  an  estuarine  organism 
such  as  Chrysaora  which  is  subject  to  a  constantly  changing  environment. 

Sensory  cilia  have  been  reported  in  numerous  cnidarians  (McConnell,  1932; 
Mackie,  1960;  Burnett  and  Diehl,  1964;  Lentz  and  Barrnett,  1965;  Jha  and 
Mackie,  1967).  Josephson  (1961)  has  demonstrated  that  certain  hydroids  are 


FIGURE  8.  Detailed  view  of  the  broad  conical  bases  of  tentacle  cnidocils  (arrows).  These 
clearly  differ  from  the  circlets  of  short  microvilli  surrounding  the  cilia  immediately  below  them ; 
10  p.m  scale  marker. 

FIGURE  9,  10.  Surface  of  tentacle  depicting  the  close  association  of  broad-based  cnidocils 
with  discharged  nematocyst  threads.  Note  that  the  cnidocil  shafts  are  entwined  around  the 
discharged  threads ;  10  jttm  scale  marker. 

FIGURE  11.  Polyp  bisected  longitudinally  to  reveal  the  gastrocoel  (G)  and  one  fold  of  the 
prominent  septae  (GS).  The  diploblastic  nature  of  the  polyp  is  readily  apparent  in  the  wall 
of  the  calyx. 
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FiGi'KE  12.  Mouth  (M)  and  inner  surface  of  the  oral  disc  (  OD  )as  seen  from  within  the 
j-astrocoel.  This  is  the  most  heavily  ciliated  region  of  the  polyp:  10  /j.m  scale  marker. 

FIGTRK  13.  Detailed  view  of  the  inner  surface  of  the  oral  disc.  Cilia  are  so  numerous  they 
ohsmre  the  cell  surface  ;  10  /j.m  scale  marker. 
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responsive  to  weak  water-borne  stimuli.  Cilia  have  been  shown  to  act  as  receptors 
for  such  stimuli  in  ctenophores  and  chaetognaths  (Horridge,  1965;  Horridge  and 
Boulton,  1967).  Cilia  are  also  associated  with  cnidarian  statocysts  (Horridge, 
1969)  and  photoreceptors  (Horridge,  1969;  Eakin  and  Westfall,  1962). 

Transmission  electron  microscopy  has  shown  that  cnidocils  are  modified  cilia 
which  arise  from  a  broad  base  of  fused  microvilli  or  sterocilia  (Chapman  and 
Tilney,  1959a,  b;  Lentz,  1966;  Westfall,  1965,  1970).  The  broad-based  cilia 
described  in  the  present  study  as  cnidocils  correspond  to  these  descriptions  and 
resemble  the  cnidocils  seen  by  SEM  in  Hydra  (Westfall  and  Enos,  1972;  Beams, 
Kessel  and  Shih,  1973).  Indeed,  the  distribution  of  these  broad-based  cilia 
parallels  the  distribution  of  nematocysts  through  the  polyp  epithelia,  and  dis- 
charged nematocyst  threads  consistently  originate  at  the  bases  of  these  structures. 
The  long  cnidocil  shafts  are  often  entwined  around  discharged  nematocyst  threads 
(Figs.  9,  10)  consistent  with  the  observation  of  Robson  (1953)  that  nematocyst 
threads  rotate  as  they  discharge. 

Of  special  functional  significance  is  the  distally  directed  water  currents  gen- 
erated by  motile  cilia  in  all  regions  of  the  polyp.  The  speed  of  these  currents  ap- 
pear directly  related  to  the  density  of  cilia  in  each  area.  This  is  most  obvious  over 
the  heavily  ciliated  SPC  where  the  current  is  particularly  rapid.  Ciliary  currents 
and  the  increased  surface  area  provided  by  micromovilli  would  facilitate  the  vital 
diffusion  dependent  processes  of  cellular  respiration  and  excretion.  The  continuous 
ventilation  accomplished  by  motile  cilia,  particularly  in  the  gastrocoel,  provides  a 
metabolically  inexpensive  alternative  to  the  periodic  ventilation  of  the  organism  by 
body  muscle  contraction. 

As  relatively  non-motile,,  estuarine  animals,  Chrysaora  polyps  are  exposed  to  a 
constant  shower  of  silt  and  fine  participate  matter  brought  in  by  rivers  and  tribu- 
taries. Polyps  rapidly  succumb  when  covered  by  silt  and  mud  (D.  Cargo,  Cheas- 
peake  Biological  Laboratory,  Oxford,  Maryland,  personal  communication)  and, 
hence,  distally  directed  ciliary  currents  would  prevent  the  accumulation  of  material 
in  the  vicinity  of  the  polyp.  In  addition,  such  currents  could  discourage  the  settling 
of  larvae  which  compete  with  the  polyp  for  available  space.  In  contrast,  pond- 
dwelling,  freshwater  Hydra  are  sparsely  ciliated  (Beams,  Kessel  and  Shih,  1973). 

The  well  developed  septae  of  Chrysaora  polyps  provide  an  increased  surface 
area  over  which  digestive  processes  occur.  As  Chrysaora  often  captures  and  in- 
gests relatively  large  and  active  prey  such  as  fish  fry  and  crustaceans,  the  nemato- 
cysts of  this  region  may  serve  to  further  sting  and  immobilize  such  organisms. 
Although  Chapman  (1966)  feels  that  the  septae  serve  to  accomodate  the  cord 
muscles  used  for  polyp  contraction,  our  observations  suggest  significant,  additional 
roles.  Cells  of  the  SPC  actively  phagocytize  small  particles  from  the  gastrocoel  as 
demonstrated  by  the  ingestion  of  carmine  and  thus  it  is  likely  that  they  ingest 
food  particles  as  well.  Phagocytosis  or  lysis  of  bacteria  by  digestive  enzymes  may 

FIGURE  14.  Edge  of  gastric  septum  illustrating  a  large  dome-shaped  structure  surrounded  by 
microvilli.  Numerous  cnidocils  are  present;  their  broad  bases  consisting  of  fused  microvilli  of 
varying  length  ;  10  /mm  scale  marker. 

FIGURE  15.  Surface  of  gastrodermis  between  the  gastric  septae.  Most  cells  possess  a  single 
cilium  and  are  covered  by  long  microvilli.  Microvilli  are  far  more  abundant  on  these  absorptive 
cells  than  anywhere  else  on  the  polyp ;  10  fj.ni  scale  marker. 
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FIGURE  16.  Water  currents  generated  by  epidermal  cilia  in  non-feeding  (A)  and  feeding 
(B)  polyps. 

FIGURE  17.  Water  currents  generated  by  the  gastrodermal  cilia  in  non-feeding  (A)  and 
feeding  (B)  polyps.  Currents  are  particularly  rapid  along  the  septal  edge. 

account  for  their  relative  absence  on  the  gastrodermal  surface  in  comparison  to  the 
epidermis. 

Ciliary  currents  within  the  gastrocoel  would  aid  extracellular  digestion  by 
mixing  ingested  food  with  secreted  enzymes.  These  currents  would  also  increase 
the  number  of  particle  contacts  with  phagocytic  cells.  After  digestion  is  com- 
plete, the  distally  directed  currents  then  serve  to  expel  debris  and  undigested  ma- 
terial from  the  gastrocoel  through  the  open  mouth. 

The  fact  that  the  direction  of  ciliary  currents  is  unaffected  by  feeding  activators 
suggests  that  these  currents  play  little,  if  any,  role  in  food  acquisition.  In  contrast, 
other  cnidarians  such  as  the  sea  anemone  Mctridiuui  (  Parker  and  Marks,  1928) 
demonstrate  reversal  of  ciliary  currents  which  aid  in  carrying  food  particles  to  the 
mouth. 


The   authors   are   grateful    to    Susan    Hester    for   technical    assistance,    Harry 
Schaefer  for  the  photographs  and  Trudy  Nicholson  for  the  drawings. 

SUMMARY 

A   survey    of   the    epidermal    and    gastrodermal    surfaces    of   the    scyphopolyp 
Chrysaora  quinquecirrha  by  scanning  electron  microscopy  reveals  that  all  epithelia 
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are  ciliated  to  varying  degrees.  Cilia  are  surrounded  at  their  bases  by  microvilli 
which  vary  in  configuration.  These  microvillar  configurations  are  characteristic 
in  different  areas  of  the  polyp.  Cilia  with  broad  conical  bases,  corresponding 
closely  in  distribution  with  nematocysts,  are  thought  to  represent  cnidocils. 

Cilia  on  the  epidermal  and  gastrodermal  surfaces  are  responsible  for  the  gen- 
eration of  a  continuous  current  which  flows  in  an  aboral  to  oral  direction  in  both 
feeding  and  non-feeding  conditions.  The  strongest  currents  are  observed  along  the 
free  edges  of  the  gastric  septae,  which  are  the  regions  of  heaviest  ciliation  in  the 
polyp.  Externally,  such  currents  aid  in  the  removal  of  silt  and  debris  in  relatively 
sessile  polyp  and  serve  to  circulate  gastrovascular  fluid  and  to  remove  undigested 
materials. 

This  work  was  supported  by  a  grant  ES00854  from  the  National  Institutes  of 
Health  to  the  senor  author. 
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THE  BIOLOGY  OF  THE  LEECH  MYZOBDELLA  LUGUBRIS 
INFESTING  BLUE  CRABS  AND  CATFISH 
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A  cyclic  seasonal  abundance  for  fish  leeches  has  been  reported  by  Gibson  and 
Tong  (1969)  and  Sawyer  and  Hammond  (1973).  Fish  leeches  leave  their  hosts 
to  deposit  cocoons  on  rocks  (Becker  and  Katz,  1965),  oyster  clumps,  and  other 
suitable  surfaces  (Sawyer  and  Hammond,  1973).  From  the  present  work  it  ap- 
pears that  the  piscicolid  Myzobdclla  lugubris  is  parasitic  on  a  piscine  host  for  most 
of  the  year  and  then  leaves  the  fish  and  deposits  cocoons  on  decapods.  This  is  the 
first  record  of  a  fish  leech  utilizing  both  a  fish  and  an  arthropod  in  its  life  history. 

Myzobdella  lugubris  Leidy  1851  and  Illlnobdella  inoorei  Meyer  1940  have 
until  recently  been  separated  primarily  on  the  basis  of  salinity  and  host.  Mysob- 
dclla  lugubris  was  known  as  a  marine  leech  commensal  on  crustaceans  (Hutton  and 
Sogandares-Bernal,  1959;  Pearse ;  1936;  Sawyer,  1967;  Wurtz  and  Roback,  1955), 
and  Illinobdella  moorei  as  a  freshwater  leech  parasitic  on  fishes  (Hoffman,  1967). 
Sawyer,  Lawler  and  Overstreet  (1974)  have  recently  synonymized  these  two  forms 
with  M.  lugubris  taking  precedence.  The  ecological  data  presented  in  this  paper 
supports  such  a  synonymy. 

MATERIALS  AND  METHODS 

To  establish  the  seasonal  abundance  of  M.  lugubris,  a  population  was  examined 
at  monthly  intervals  from  May,  1972  through  April,  1973  in  the  middle  reaches  of 
the  Ashley  River,  Dorchester  county,  South  Carolina  (32°55.5'N;  SO°OS.O'W). 
Here  -I/,  lugubris  was  parasitic  in  large  numbers  on  the  common  white  catfish, 
Ictalurus  catus  (Linnaeus).  The  Ashley  River  is  tidal  along  most  of  its  length 
(salinity  from  0  to  14/cc).  The  temperature  varied  from  4°  C  in  January  to  29°  C 
in  July.  The  river  was  exceptionally  turbid  with  a  typical  Secchi  disc  reading  of 
75  cm  (range  20  to  125  cm).  The  bottom  and  banks  of  the  river  consisted  pri- 
marily of  sand  and  Sparthia  detritus.  Very  few  stones  or  rocks  were  present. 

The  numbers  of  catfish  collected  during  each  monthly  sample  ranged  from  39 
to  141.  All  catfish  were  captured  with  a  4.5  m  trynet  with  0.5  cm  square  mesh. 

1  Present  address :  Department  of  Parasitology,  School  of  Hygiene,  University  of 
Toronto,  Toronto,  Canada 
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Hosts  were  isolated  in  plastic  bags  and  placed  on  ice.  In  the  laboratory  the  num- 
bers and  positions  of  the  leeches  on  each  fish  were  recorded.  Leeches  not  kept  for 
biological  observations  were  anesthetized  by  slowly  adding  small  amounts  of  90% 
ethanol  and  then  preserved  in  10%  formalin. 

Specimens  and  cocoons  from  this  study  are  deposited  in  the  U.  S.  National 
Museum  (USNM  49962). 

RESULTS 

Of  the  868  catfish  examined  70%  were  infested  with  leeches.  The  average 
number  of  leeches  per  catfish  was  2.7  with  1.2  (44%)  on  the  pectoral  fins,  0.4 
(15%)  on  the  pelvic  fins,  0.4  (15%)  in  the  mouth,  and  the  remaining  0.7  (26%) 
distributed  over  the  rest  of  the  body.  The  seasonal  abundance  of  M.  lugubris  can 
be  divided  into  three  phases :  May  through  September,  during  which  the  popula- 
tion remained  relatively  stable ;  October  through  January,  when  recruitment  to  the 
population  occurred ;  and  February  through  April,  when  the  population  underwent 
a  decline  (Table  I). 

TABLE  I 

Kfonthly  infestation  o/Myzobdella  lugubris  on  I.  catus. 


Number  of  leeches/fish 

T  )i  \  P 

Tempi-rat  arc 

Number  of 

Number  of 

J_-  'clLC 

°C 

fish  examined 

fi^h  infested 

Range 

Mean  ±2  S.E. 

V/24/72 

11.1 

67 

33 

0-12 

1.1  ±  0.2 

VI/30/72 

20.4 

77 

28 

0-6 

0.7  ±  0.2 

VII/23/72 

29.7 

42 

(I 

VIII/8/72 

28.2 

45 

20 

0-2 

0.7  it  0.1 

IX/8/72 

25.6 

141 

71 

0-4 

0.8  ±  0.1 

X/7/72 

22.0 

8(> 

72 

0-10 

2.3  ±  0.2 

X/22/72 

17.5 

90 

78 

0-11 

3.0  ±  0.3 

X  1/7/72 

18.5 

72 

68 

0-14 

3.9  ±  0.3 

XI  1/9/72 

13.7 

72 

58 

0-18 

3.8  ±  0.4 

1/13/73 

4.5 

66 

65 

0-48 

11.4  ±  1.4 

111/18/73 

16.9 

63 

50 

0-9 

2.4  ±  0.3 

IV/21/73 

22.6 

39 

28 

0-10 

2.4  ±0.4 

Two  apparent  anomalies  existed  in  the  relative  abundance  of  leeches  on  differ- 
ent parts  of  the  catfish.  On  22  October  44%  of  the  leeches  were  found  in  the 
mouth  compared  with  less  than  15%-  for  the  rest  of  the  year.  In  January  and 
March  24%  and  31%  respectively  of  the  leeches  occurred  on  the  barbels  compared 
with  less  than  5%  for  the  rest  of  the  year. 

The  seasonality  was  further  corroborated  by  a  strong  negative  correlation  be- 
tween water  temperature  and  the  average  number  of  leeches  per  catfish  (r  =  —0.92) 
a>  well  as  between  the  temperature  and  the  catfish  infestation  rate  (r  =  —0.81). 
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FIGURE  1.  Cocoons  of  Myzobdcllu  hi</ithris  on  the  carapace  of  Callinectes  sapidus :  A, 
Callincctcs  sapidus  with  cocoons  on  the  postero-lateral  regions ;  B,  enlargement  of  the  same 
postero-lateral  region;  C,  Myzobdclla  luyuhris.  dorsal  view;  D,  cocoon  of  Myzobdclla  lugubris. 
All  were  drawn  from  specimens  by  Ann  F.  Flowers. 


For  most  of  the  year  the  leeches  were  randomly  distributed  on  the  fish  popula- 
tion (the  variance  equal  to  the  mean)  but  in  January  the  leech  distribution  was 
overdispersed  (mean  much  greater  than  variance). 

Throughout  the  year,  especially  in  October  and  November,  leeches  were  en- 
countered on  the  carapace  of  the  blue  crab.  Upon  close  examination  it  became  evi- 
dent that  the  crab  carapace  normally  served  as  a  site  for  the  deposition  of  the  leech 
cocoons  (Fig.  1). 

In  a  sample  of  28  crabs  collected  on  7  October  1972  in  the  lower  reaches  of  the 
Ashley  River,  18  crabs  with  an  average  of  118  cocoons  (range  1-294)  had  a  total 
of  2123  cocoons.  The  cocoons  were  deposited  on  the  postero-lateral  regions  of  the 
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carapace,  equally  distributed  dorsally  and  ventrally  and  without  regard  to  sex. 
Some  of  the  crabs  had  engorged  leeches  the  guts  of  which  contained  nucleated 
erythrocytes. 

Based  on  one  year's  data  it  is  suggested  that  the  population  of  M.  lugubris  on 
Ictalunis  catits  in  the  Ashley  River  undergoes  an  annual  cycle.  The  number  of 
leeches  on  the  catfish  declines  in  the  spring,  and  increases  in  the  fall.  Associated 
with  this  fall  increase  is  an  increase  in  the  precentage  of  the  population  occurring 
in  the  mouth.  It  is  apparently  here  that  the  leeches  become  engorged  with  blood 
before  leaving  the  catfish  to  deposit  cocoons. 

The  peak  of  cocoon  deposition  occurs  during  the  summer  months.  However, 
crabs  with  cocoons  were  found  in  the  Ashlev  River  from  the  last  of  March  until 

J 

November.  No  crabs  were  found  in  the  area  sampled  during  the  rest  of  the  year. 
In  the  laboratory  cocoons  hatch  in  11-39  days  at  23-25°  C  (Sawyer  et  al.,  1974). 
It  is  not  known,  however,  how  long  it  takes  the  cocoons  to  hatch  at  other  tempera- 
tures. Shortly  after  the  young  leeches  attach  to  their  host  they  take  their  first 
blood  meal  and  this  is  followed  by  a  period  of  rapid  growth.  A  gradual  decline 
in  the  leech  population  occurred  between  January  and  July. 

DISCUSSION 

Mysobdclla  lityubris  is  the  first  documented  case  of  a  piscicolid  leech  whose 
life  cycle  may  normally  involve  two  "hosts,"  one  fish  and  one  crustacean.  Similar 
leeches,  e.g.,  Crangonobdella  innruianica,  Glyptonotobdella  antarctica,  and  Hetnlb- 
dclla  solcac,  are  known  only  from  crustacean  or  fish  hosts,  never  from  both  (Se- 
lensky,  1914,  1915;  Llewellyn,  1965;  Sawyer  and  White,  1969).  Only  three  other 
instances  have  been  fully  documented  in  which  piscicolids  use  arthropods  as  sites  for 
cocoon  deposition.  Crangonobdella  iintniianica  deposits  cocoons  on  the  shrimp 
Sclcrocrangon  borcas  (see  Selensky,  1914,  1915;  MacGinitie,  1955),  Johanssonia 
pantopodum  deposits  cocoons  on  the  pycnogonid  Nyinphon  stroini  (see  Selensky, 
1914,  1915),  and  Notostomobdclla  cyclostoina  deposits  cocoons  on  the  crab  Para- 
lithodcs  cainfscliaticiis  (see  Moore  and  Meyer,  1951).  About  ten  other  leeches 
have  been  reported  on  arthropods  by  various  authors,  and  in  more  than  one  case 
the  leeches  were  thought  to  parasitize  the  hosts  (Selensky,  1914,  1915;  Meyer  and 
Barden,  1955;  Sawyer  and  White,  1969).  In  spite  of  these  brief  reports  to  the 
contrary,  a  case  for  a  piscicolid  feeding  on  an  arthropod  has  never  been  unequi- 
vocally documented.  It  is  more  likely  that  leeches  employ  arthropods  only  for 
locomotion  and/or  cocoon  deposition. 

Myzobdella  lugubris  ( --  Illinobdclla  inoorci'}  has  been  found  in  fresh  and  brack- 
ish water  over  most  of  the  United  States  and  reported  from  over  two  dozen  fish 
species  with  what  appears  to  be  little  host  preference  (Sawyer  ct  al..  1974).  Little 
biological  work  has  been  done  on  the  freshwater  form,  and  its  life  history  where 
crabs  and  shrimp  are  absent  is  not  certain.  Whether  freshwater  Myzobdella 
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lugubris  normally  utilize  stones  or  other  abiotic  substrates  for  cocoon  deposition  is 
yet  to  be  answered. 
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for  critically  reviewing  the  manuscript ;  and  to  A.  F.  Flowers  for  the  illustrations. 
We  also  give  our  grateful  thanks  to  the  following  people  for  assistance  in  collecting 
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Commerce,  under  Grant  #NG-33-72. 

SUMMARY 

1.  The  life  history  of  Rlyzobdclla  lugubris  is  described  based  upon  a  quantita- 
tive study  of  the  leech  from  white  catfish,  Ictalnrus  catus,  and  blue  crabs,  Cal- 
linectcs  sapidus,  from  the  estuaries  of  Charleston,  South  Carolina. 

2.  The  leech  displayed  seasonally  on  the  fish  which  inversely  correlated  with 
water  temperature. 

3.  The  greatest  increase  in  the  leech  population  occurred  during  December. 
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REPRODUCTION  OF  THE  EXTERNALLY  BROODING  SEA 
ANEMONE  EPIACTIS  PROLIFERA  VERRILL,  1869  l 

DAPHNE  FAUTIN  DUNN  2 

Department  of  Zoology,   University  of  California,  Berkeley,  California,  and  University  of 
California  Bodega  Marine  Laboratory,  Bodega  Bay,  California 

Brooding  in  marine  invertebrates  may  be  defined  as  the  retention  of  offspring 
by  a  parent  through  the  embryonic  stages  usually  passed  in  the  plankton,  thereby 
shortening  or  entirely  eliminating  the  dispersal  stage.  Among  sea  anemones  ex- 
ternal brooding,  in  which  the  young  are  attached  to  or  enfolded  by  the  exterior 
surface  of  the  parent,  is  an  intriguing  and  uncommon  phenomenon.  Carlgren's 
(1949)  catalog  of  actinians  lists  only  16  externally  brooding  species  of  an  approxi- 
mate world-wide  total  of  800.  These  species,  unlike  internally  brooding  anemones 
[in  which  ".  .  .  the  young  develop,  until  after  metamorphosis,  within  the  parent's 
body"  (Stephenson,  1928,  p.  92)],  are  confined  to  polar  and  temperate  seas,  and  at 
least  five  of  them  are  entirely  subtidal. 

Epiactis  prolijera,  an  actinian  that  broods  its  young  on  its  lower  column  (Fig. 
1),  is  "locally  abundant"  in  the  lower  littoral  zone  in  rocky  parts  of  the  Pacific 
coast  of  North  America  from  Puget  Sound  to  La  Jolla  (Ricketts  and  Calvin, 
1968),  thus  providing  a  rare  opportunity  for  research  on  this  poorly  understood 
mode  of  reproduction.  Although  it  is  the  best  known  species  in  a  genus  containing 
16  species  (Carlgren,  1949),  E.  prolijera  has  been  the  subject  of  little  detailed 
study.  The  major  references  to  it  are  given  by  Hand  (1955),  who  also  provides 
the  most  complete  morphological  description  of  the  animal. 

Uchida  (1934)  and  Uchida  and  Iwata  (1954)  discuss  the  anatomy  and  develop- 
ment of  a  Japanese  actinian  identified  as  Epiactis  prolijera,  but  Uchida  (personal 
communication)  now  believes  it  to  be  Epiactis  japonica.  The  study  by  Uchida  and 
Iwata  (1954)  is  the  only  published  account  of  the  development  of  an  externally 
brooding  sea  anemone.  The  literature  contains  speculative  statements  about  the 
reproductive  biology  of  E.  prolijera  (e.g.,  Bovard  and  Osterud,  1918;  Johnson  and 
Snook,  1927;  MacGinitie  and  MacGinitie,  1968;  Ricketts  and  Calvin,  1968),  but 
none  is  substantiated  by  published  evidence.  This  study  was  done  to  enhance  our 
knowledge  of  this  fascinating  species,  and  to  extend  our  understanding  of  external 
brooding  in  marine  invertebrates. 

MATERIALS  AND  METHODS 

During  the  period  April  1970  through  March  1972,  290  specimens  of  Epiactis 
prolijera  were  collected  from  the  rocky  open  coast  northwest  of  the  University  of 

1This  work  was  completed  in  partial  fulfillment  of  the  requirements  for  the  Ph.D.  degree 
in  the  Department  of  Zoology,  University  of  California,  Berkeley,  and  was  supported  by  an 
NSF  Traineeship. 

2  Present  address :  School  of  Biological  Sciences,  University  of  Malaya,  Kuala  Lumpur, 
Malaysia. 

199 


200 


DAPHNE  FAUTIN  DUNN 


FIGURE  1.  Expanded  brooding  Epiactis  prnlifeni.  Juveniles,  \vliich  are  attached  low  on 
the  parent's  column,  are  of  various  sizes.  (Photograph  by  Robert  Ames.) 

FIGURE  2.  Section  showing  oogonia  (distinguishable  by  their  large  nuclei)  in  the  endo- 
derm  beside  the  mesoglea  of  the  mesenteries.  Of  the  several  oogonia  visible,  two  are  indicated 
by  arrows  ;  scale  —  40  fj..  Labels  indicate  :  M  =  mesoglea  ;  E  =  endoderm  ;  EC  ~  ectoderm ;  G 
=  gastrovascular  cavity;  O  =  oocyte;  T  =  tubular  channel  of  the  trophonema. 

California  Bodega  Marine  Laboratory,  Bodega  Head,  Sonoma  County,  California. 
In  this  locality  E.  prolifcra  generally  occurs  below  the  zero  tide  level  although  oc- 
casional individuals  are  found  as  high  as  a  meter  above  datum.  Thus  observations 
and  collections  were  confined  to  the  monthly  periods  of  extreme  low  ("spring") 
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tides,  except  when  stormy  weather  or  insufficiently  low  water  prevented  access  to 
the  animals  altogether,  and  around  the  times  of  the  spring  and  autumn  equinoxes 
when  the  lower  intertidal  was  exposed  fortnightly. 

Twenty-four  collections  of  adult  specimens  of  E.  proltfcra  were  made.  (I  term 
animals  being  brooded  "juveniles"  or  "young"  while  non-brooded  individuals  are 
considered  adults.)  An  effort  was  made  to  sample  animals  of  a  variety  of  sizes 
and  colors  from  various  sites  and  tidal  levels,  and  with  various  numbers  of  young. 
Before  an  animal  was  removed  from  the  substrate,  its  color,  approximate  vertical 
level,  substrate,  basal  diameter,  number  of  nearby  specimens  of  E.  prolifera,  and 
number  and  size  class  of  adherent  young  were  recorded.  To  standardize  condi- 
tions for  measurement  and  color  determination,  each  animal  was  tapped  gently  and 
a  diving  light  was  shone  on  it.  The  light  also  helped  to  reveal  young.  The  edge  of 
the  brood  groove  was  depressed  when  necessary  to  expose  hidden  juveniles.  After 
prying  the  animals  from  the  substrate  (they  come  free  quite  easily  with  little  or  no 
damage),  each  was  put  in  a  plastic  bag  with  an  identifying  tag. 

Prior  to  fixation,  which  was  done  within  24  hours  of  collection,  the  anemones 
were  relaxed  with  saturated  chloral  hydrate  solution  (four  drops  per  100  ml  of  sea 
water  usually  sufficed  to  make  them  unresponsive  within  an  hour).  The  9:11 
menthol :  chloral  hydrate  solution  used  by  Chia  and  Rostron  (1970)  proved  less 
satisfactory. 

Several  fixatives  were  tried.  Bouin's  fluid  often  penetrated  Epiactis  tissues 
incompletely  and  unequally,  and,  more  seriously,  caused  the  young  anemones  to 
fall  off  the  adult.  Zenker's  fluid,  and  sea  water  formalin  both  preserved  the  young 
on  the  parent.  Kelly's  fluid  was  also  satisfactory.  The  approximate  degree  of 
shrinkage  for  each  fixative  was  determined  by  comparing  the  basal  diameter  as  mea- 
sured prior  to  collection  with  the  basal  diameter  of  the  anemone  in  the  paraffin 
block  prior  to  sectioning.  Fixed  diameter  was  53 %  of  live  diameter  with  Zenker's 
(N  :  :  47),  52%  with  formalin  (N  --47),  82%  with  Bouin's  (N  =  =  4),  and  56% 
with  Kelly's  (N  ==  9).  However,  since  the  pedal  disc  is  likely  spread  more  broadly 
while  still  attached  to  the  substrate  than  after  collection,  the  calculated  degrees  of 
shrinkage  are  probably  overestimates.  It  is  also  unlikely  that  all  structures  shrink- 
equally,  so  shrinkage  of  12  ova,  the  actual  diameter  of  which  were  about  400  p, 
was  calculated.  Two  Zenker's-fixed  animals  had  recently  spawned  ova  adhering 
to  their  bodies,  the  average  diameter  of  the  eggs  on  one  being  about  250  /*,  and 
on  the  other  about  300  /*.  In  another  Zenker's-fixed  Epiactis,  freshly-spawned 
ova,  averaging  about  300  /j,  in  diameter,  had  been  ingested  by  attached  juveniles. 
Thus  the  fixed  diameters  are  about  62.5%  and  75%  of  the  actual  dimensions.  In 
a  Bouin's-fixed  anemone,  eggs  being  spawned  averaged  about  250  /*.  across  in  sec- 
tion, approximately  62.5%  of  the  actual  diameter.  Measurements  in  the  following 
discussion,  all  made  from  fixed,  sectioned  material  with  an  ocular  micrometer, 
therefore  represent  60-75%  of  the  actual  dimensions. 

Routine  staining  was  done  with  Ehrlich's  hematoxylin  and  eosin  Y,  or  phos- 
photungstic  acid  hematoxylin  (Bowling,  1967).  Trichrome  stains  were  generally 
unsatisfactory.  Histochemical  tests  included  the  Feulgen  reaction,  alcian  blue-PAS, 
mucicarmine  and  Leach  Bismarck  brown  (McManus  and  Mowry,  1960),  the 
Wilson-Ezrin  stain  (Pearse,  1960),  and  toluidine  blue  and  Mallory's  triple  con- 
nective tissue  stain  (Humason,  1967). 
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Microscopy  was  done  with  a  Leitz  Ortholux,  and  photomicrographs  were  taken 
with  a  Leitz  Orthomat  camera  attachment  using  Panatomic  X  film. 

RESULTS 
Sexual  character  of  Epiactis 

Gametes  of  Epiactis  prolifera  mature  in  the  mesenteries  between  the  retractor 
muscles  and  mesenterial  filaments,  as  in  other  actinians.  They  occur  in  the  lower 
half  of  the  animal  both  above  and  below  the  opening  of  the  actinopharynx  into  the 
coelenteron.  The  sexes  of  Epiactis  are  not  separate,  as  has  previously  been  re- 
ported (Cutress,  1949;  Hand,  1955),  but  not  all  individuals  exhibit  hermaphrodi- 
tism.  The  distribution  of  gonads  (i.e.,  gamete-bearing  mesenteries)  in  anemones  of 
various  sizes,  collected  during  the  two  years  of  this  study,  is  shown  in  Table  I. 

TABLE  I 
Distribution  of  gametes  in  animals  of  various  sizes 


Size 
class 

Pedal  disc  dianu-trr 
at  the  time  of 
collection  (mm) 

Total  N 

Number 
sterile 

Number 
female 

Number 
hermaphroditic 

1 

2 

up  to  5.5 
5.6-8.0 

9 
31 

9 

14 

(I 
17 

0 
0 

3 

8.1-10.5 

20 

3 

16 

1 

4 

10.6-13.0 

35 

3 

27 

5 

5 

13.1-15.5 

37 

2 

26 

9 

6 

15.6-18.0 

44 

0 

22 

9  ~> 

7 

18.1-20.5 

39 

0 

20 

19 

8 

20.6-23.0 

26 

0 

6 

20 

9 

23.1-25.5 

14 

0 

3 

11 

10 

25.6  and  up 

14 

0 

1 

13 

269 

31 

138 

100 

All  animals  with  basal  diameter  less  than  5.8  mm  were  without  gonads,  and  none 
larger  than  15.0  mm  was  sterile.    The  largest  specimen  examined  was  35.7  mm. 

In  hermaphroditic  individuals,  gametes  of  the  two  sexes,  in  all  stages  of  develop- 
ment, may  occur  in  one  mesentery.  There  is  no  vertical  separation  of  spermato- 
genic  and  oogenic  tissue.  Sperm  follicles  and  female  gametes  may  alternate  ran- 
domly in  a  single  mesentery.  Some  mesenteries  contain  only  the  latter  and,  rarely, 
some  have  only  sperm.  Very  early  stages  of  both  types  of  gametes  often  occur  in 
the  most  peripheral  part  of  the  gametogenic  area. 

Arrangement  oj  gametogenic  mesenteries 

Primary  and  secondary  mesenteries  are  always  complete  and  sterile  in  adults 
(I  found  one  anomalous  fertile  secondary  mesentery).  Normally  only  mesenteries 
of  the  third  and  fourth  orders  are  gametogenic,  but  not  all  of  them  in  a  single 
anemone  are  fertile.  Fifth  order  mesenteries,  which  appear  only  in  larger  animals 
and  are  generally  confined  to  the  basal  region,  are  always  sterile.  Although  the 
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mesenteries  are  usually  regularly  arranged  through  the  fourth  cycle,  the  48  pairs 
of  the  fifth  order  are  not  added  simultaneously.  I  never  found  an  Epiactis  with 
more  than  96  pairs  of  mesenteries. 

There  is  no  apparent  seasonal  gonadal  cycle,  for  animals  with  gametes  in  all 
stages  of  development  are  found  throughout  the  year,  and  sexual  state  correlates 
with  neither  color  nor  intertidal  height  at  the  time  of  collection,  hut  is  related  to 
size.  However,  changes  in  sexual  state  do  not  take  place  at  a  particular  size  in  all 
animals.  This  may  be  partly  because  size  is  changeable  and  difficult  to  determine 
accurately  in  actinians.  A  parameter  closely  related  to  size,  the  number  of  mesen- 
tery pairs,  can  be  more  easily  measured,  is  not  subject  to  change  over  short  periods, 
and  correlates  well  with  sexual  state. 

Very  few  anemones  with  less  than  four  complete  cycles  of  mesenteries  contained 
oogonia  or  oocytes  (the  minimum  number  was  64  in  a  fertile  individual).  The 
proportions  of  fertile  animals  in  size  class  2  with  fewer  than  48  pairs,  and  with  48 
or  more  pairs  are  significantly  different.  Size  class  3  exhibits  the  same  phe- 
nomenon less  strongly.  Oogonia  and  oocytes  of  these  smallest  fertile  animals  were 
sometimes  in  third,  sometimes  in  fourth  order  mesenteries  and,  in  purely  female 
animals  of  all  sizes,  the  number  of  fertile  mesenteries  of  these  two  cycles  were 
proportionately  equal. 

The  smallest  animal  with  sperm  had  a  basal  diameter  of  10.1  mm.  In  size 
classes  4  and  5,  the  presence  of  male  gametes  was  highly  correlated  with  the  exist- 
ence of  half  or  more  of  the  fifth  cycle  of  mesenteries.  This  correlation  also  held 
for  size  class  6,  but  not  as  strongly,  and  disappeared  in  size  class  7 .  The  one 
individual  in  size  class  10  lacking  sperm  had  as  many  mesenteries  as  the  other  13 
that  were  hermaphroditic. 

In  hermaphrodites,  nearly  four  times  as  many  fourth  as  third  order  mesenteries 
contained  ova  although  there  are  only  twice  as  many  of  the  former  as  of  the  latter, 
and  among  the  few  mesenteries  with  only  sperm,  tertiary  ones  predominated  over 
fourth  order  ones.  There  were  proportionately  equal  numbers  of  third  and  fourth 
order  hermaphroditic  mesenteries. 

Fertility  and  brooding 

Many  of  the  animals  not  brooding  at  the  time  of  collection  were  fertile,  but  all 
of  those  brooding  young  were  sexually  mature  females  or  hermaphrodites.  The 
smallest  fertile  adult  collected  was  5.8  mm  in  basal  diameter,  although  one  pre- 
cocious adherent  juvenile,  2.1  mm  in  diameter  as  measured  in  section,  had  oogonia 
and  small  oocytes.  The  smallest  brooding  animal  collected  was  7.8  mm,  from  the 
population  of  tan  Epiactis  on  and  around  the  alga  Cystoseira  osmundacea  (Dunn, 
1972),  but  the  smallest  one  with  young  from  coralline  algae-encrusted  rock  was 
11.6  mm. 

0  agenesis 

Anthozoan  germ  cells  arise  in  the  endoderm,  presumably  from  undifferentiated 
interstitial  cells,  but  mature  in  the  mesoglea  of  the  mesenteries  (Hyman,  1940). 
Figure  2  illustrates  the  earliest  stage  at  which  gonocytes  were  distinguishable  in  E. 
prolijera,  as  cells  with  relatively  huge  nuclei.  They  are  small  compared  to  the  size 
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FIGURE  3.  Oogoniuni  being  tlirust  from  the  cndoderm  into  the  mesoglea  at  cytokinesis. 
The  mesoglea  appears  to  bulge  out  to  engulf  the  egg  cell;  scale  =  20  yu.  For  labeling,  see  cap- 
tion to  Figure  2. 

FIGURE  4.  Section  of  the  edge  of  a  yolky  oocyte.  Yolk  granules  are  distributed  uniformly 
throughout  the  cell.  Spines  on  the  membrane  may  be  fixation  artifacts;  scale  =  20  /j.. 


they  eventually  attain  as  ova,  but  are  considerably  larger  than  somatic  cells.  Those 
in  Figure  2  are  probably  oogonia,  although  early  spermatogonia  appear  identical. 
Primary  oogonia,  ranging  in  diameter  from  about  6.0  to  8.5  /*,  grow  and  multiply  in 
the  endoderm.  Gametes  in  the  endoderm  up  to  30-35  /*,  in  diameter  are  secondary 
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oogonia  (with  nuclei  about  half  the  diameter  of  the  cell).  These  cells  move  from 
the  endoderm  into  the  mesoglea  either  by  ameboid  movement  or  at  division,  when 
one  daughter  cell  is  thrust  into  the  mesoglea  which  appears  to  bulge  to  surround 
the  oocyte,  leaving  the  other  daughter  cell  in  the  endoderm  (Fig.  3).  Female  germ 
cells  usually  enter  the  mesoglea  at  a  diameter  of  20-25  /*,  and  once  there  cease 
dividing,  indicating  that  they  have  become  oocytes.  As  an  oocyte  grows,  the  rela- 
tive diameter  of  its  nucleus  changes  from  half  or  more  that  of  the  entire  cell  to  a 
quarter  or  less  (the  actual  size  increases  somewhat),  and  concomitantly  there  is  an 
alteration  in  the  cytoplasm's  staining  properties  reflecting  the  onset  of  vitellogenesis. 
Yolk  forms  as  platelets  that  are  evenly  distributed  throughout  the  oocyte,  as  shown 
in  Figure  4,  which  also  depicts  what  appear  to  be  spines  1.5-4  /x  long  on  the  egg 
membrane.  These  are  visible  from  about  the  time  that  yolk  formation  begins,  but 
might  be  fixation  artifacts.  The  yolk  granules  concentrate  around  the  germinal 
vesicle  which  moves,  as  the  cell  grows,  from  a  central  to  a  peripheral  position.  The 
germinal  vesicle  contains  a  single  nucleolus  at  this  stage  and  is  Feulgen-negative. 
Germinal  vesicles  of  oocytes  in  the  same  mesentery  and  at  about  the  same  stage  of 
development  exhibit  no  perferred  orientation. 

When  the  oocyte  is  30-35  p.  in  diameter,  a  bulbous  structure  becomes  apparent 
between  it  and  the  edge  of  the  mesentery  (Fig.  5).  This  soon  elongates,  forming  a 
hollow  tube  extending  from  the  edge  of  the  mesentery,  penetrating  the  mesoglea, 
and  indenting  the  egg  cell  (Fig.  6).  It  is  15-20  p  in  total  diameter,  and  appears 
to  be  identical  to  a  structure  first  described  by  Hertwig  and  Hertwig  (1879)  from 
Sagartia  (now  Calliactis}  parasitica,  and  called  by  Hertwig  (1882)  the  "filamental 
apparatus."  Hertwig  (1882)  found  it  in  four  other  actinian  species,  and  Nyholm 
(1943)  described  the  same  structure  from  Cerianthus  lloydii,  calling  it  the  "tro- 
phonema."  I  shall  use  this  term  for  it.  In  oocytes  in  which  vitellogenesis  has 
begun,  the  germinal  vesicle  is  located  on  the  side  of  the  oocyte  nearest  the  tro- 
phonema.  Where  it  reaches  the  oocyte,  the  trophonema  flares  out,  due  to  the  in- 
flated ends  of  the  several  cells  that  comprise  the  structure  and  surround  its  tubular 
channel.  In  very  large  oocytes  these  cells  become  considerably  flattened  (Fig.  7) 
so  that  the  tubular  interior  is  apparently  occluded,  and  the  structure  may  even  seem 
to  disappear. 

\Vhen  full-grown,  female  gametes  break  through  the  thin  layer  of  encapsulating 
mesoglea  and  thicker  endoderm  into  the  gastrovascular  cavity  (Fig.  8),  whence  they 
travel  up  the  throat  and  out  the  mouth. 


Spermat 'agenesis 

The  first  point  at  which  male  gametes  are  unmistakably  identifiable  is  when 
bundles  of  32-64  spermatogonia,  each  cell  averaging  5.5  /A  in  diameter,  are  already 
enveloped  by  mesoglea.  Layering  becomes  obvious  as  spermatocytes,  average 
diameter  3.5  p.,  come  to  lie  central  to  the  spermatogonia,  and  as  the  cells  differ- 
entiate further,  spermatids  (1.1-1.3  /A  in  diameter)  occupy  the  center  of  the  follicle. 
Finally,  in  mature  follicles,  spermatozoa,  with  apparently  conical  heads  and  an 
average  diameter  of  about  0.7-0.8  //.,  fill  the  center  (Fig.  9).  Their  tails  converge 
toward  the  edge  of  the  mesentery  which  will  break  to  release  them. 
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FIGURE  5.  Section  of  a  bulbous  trophom-mu  between  early  oocyte  and  mesentery  edge; 
scale  =  20  /*.  For  labeling,  see  caption  to  Figure  2. 

FIGURE  6.  Indentation  of  a  more  mature  oocyte  by  the  trophonema.  Note  that  it  pene- 
trates the  mesoglea  and  that  it  has  a  hollow,  tubular  interior ;  scale  =  20  p.  For  labeling,  see 
caption  to  Figure  2. 


Spat*.  >ning 

On  9  June  1971,  I  collected  two  specimens  of  Epiactis  from  the  rocky  intertidal 
for  laboratory  observation.  The  next  day  I  noticed  in  the  field  that  a  number  of 
animals  were  spawning  or  had  done  so  since  the  previous  clay.  When  I  returned 
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FIGURE  7.  Section  through  a  large  oocyte  with  flattened  trophonema.  The  tube  appears  to 
have  closed  by  this  time ;  scale  =  40  /j..  For  labeling,  see  caption  to  Figure  2. 

FIGURE  8.  Oocyte  breaking  through  the  tissues  of  the  mesentery  into  the  gastrovascular 
cavity;  scale  =  50  p.  For  labeling,  see  caption  to  Figure  2. 


to  the  laboratory,  one  of  the  two  individuals  that  I  had  collected  was  also  spawning. 
The  following  day  none  of  the  several  hundred  animals  that  I  carefully  examined  in 
the  field  was  spawning,  but  the  second  anemone  in  the  laboratory  had  a  number  of 
new  spheres  attached  to  its  column.  I  also  observed  mass  spawning  in  the  field 
and  laboratory  on  15  and  16  October  1970.  In  all  cases  the  sexual  products 
expelled  were  pink  or  pinkish-orange  spheres  about  400  p,  in  diameter.  I  was  un- 
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FIGURE  9.  Section  of  a  mesentery  containing  mature  sperm  follicles.  Note  the  less  mature 
cells  peripherally  and  that  the  tails  of  the  spermatozoa  converge  toward  the  edge  of  the 
mesentery;  scale  =  40  /j..  For  labeling,  see  caption  to  Figure  2. 

FIGURE  10.  Section  of  a  recently-spawned  sphere  attached  to  its  parent's  body  wall. 
Notice  that  the  yolk  has  shrunk  inside  the  egg  membrane  which  adheres  tightly  to  the  parent 
ectoderm;  scale  =  150  fi.  For  labeling,  see  caption  to  Figure  2. 

able  to  determine  whether  they  were  ova  or  zygotes.     I  never  observed  the  release 
of  sperm. 

When  I  first  noticed  it  in  the  laboratory,  the  spawning  individual  had  about 
25  spheres,  enveloped  in  a  common  mass  of  mucus,  on  its  lips.  As  the  animal  (18.7 
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mm  basal  diameter  and  completely  covered  with  water)  extended  its  column  and 
opened  and  closed  its  mouth,  with  concomitant  bulging  and  constriction  of  the 
throat  and  lips,  the  bundle  of  spheres  twisted,  then  finally  tumbled  from  the  lips 
to  the  edge  of  the  oral  disc.  This  process  lasted  about  10  minutes.  More  spheres, 
visible  inside  the  throat  when  the  mouth  opened,  were  gradually  expelled  a  few 
at  a  time,  ascending  not  in  a  siphonoglyph  but  at  the  sides  of  the  actinopharynx. 
At  the  end  of  an  hour  about  50  had  been  spawned  and  were  resting  on  one  side 
of  the  oral  disc.  These  eventually  drifted  down  over  the  edge  of  the  disc  and  some 
of  them  adhered  to  the  column.  During  the  next  several  days  no  development  was 
discernible  in  either  the  spheres  that  had  attached  or  those  that  had  not.  The  day 
after  spawning  the  spheres  appeared  more  firmly  adherent  to  the  parent  ectoderm 
than  they  had  been  originally,  but  nine  days  later  they  had  disappeared. 

Embryology 

Figure  10  shows  a  section  of  an  attached,  recently  spawned  sphere.  Although 
the  parent  body  wall  does  not  form  an  actual  brood-pit,  the  ectoderm  is  thinned  to 
about  half  its  normal  thickness  beneath  the  sphere  and  thickened  around  it.  The 
mesoglea  is  also  somewhat  thinned,  but  the  endoderm  is  unaffected. 

In  an  Epiactis  zygote,  the  nucleus  divides  many  times  before  the  cytoplasm  does, 
and  the  daughter  nuclei  segregate  into  two  distinct  layers,  foreshadowing  the  body 
layers.  There  is  never  a  blastocoel.  Cytokinesis  then  occurs,  resulting  in  ectoder- 
mal  cells  with  nuclei  at  their  distal  ends,  and  endodermal  cells  with  central  nuclei 
(Fig.  11),  producing  what  can  only  be  termed  a  gastrula.  Its  high  yolk  content 
makes  the  inner  layer  considerably  thicker  than  the  ectoderm,  which  is  soon  devoid 
of  yolk  altogether.  Mesenteries  then  form  in  the  yolky  interior.  The  embryo  is 
never  ciliated.  Tentacle  buds  arise  next,  and  finally  a  tiny  Epiactis,  gastrovascular 
cavity  still  mostly  filled  with  yolk,  is  produced  (Fig.  12).  By  the  six-mesentery- 
pair  stage  most  of  the  yolk  is  gone,  but  even  before  it  has  been  completely  absorbed, 
the  juvenile  has  fully  developed  nematocysts,  spirocysts,  and  gland  cells  in  its 
tentacles  (Fig.  13).  These  are  functional,  and  juveniles  can  capture  small  orga- 
nisms (Dunn,  1972,  p.  106).  The  size  of  the  contracted  juvenile  at  this  stage  is 
not  much  greater  than  that  of  the  zygote. 

The  ectoderms  of  parent  and  juvenile  are  closely  apposed,  and  the  cells  of  the 
two  are,  in  material  that  has  not  been  badly  disrupted  by  histological  processing, 
almost  indistinguishable  at  some  points.  However,  when  this  intimate  relationship 
is  disturbed,  a  strip  of  mucoid  material  is  visible  between  the  two  animals  (Fig.  14). 
Figure  15  shows  an  Epiactis  embryo  that  has  come  loose  from  its  parent,  with  a 
band  of  mucus  extending  from  the  parent  over  the  embryo.  Two  types  of  large 
and  numerous  gland  cells  are  present  in  the  parent  ectoderm,  but  there  are  none  in 
the  juvenile. 

DISCUSSION 

The  sexual  phenomenon  exhibited  by  Epiactis  prolifcra.  wherein  the  popu- 
lation consists  of  females  and  hermaphrodites  but  no  males,  is  termed  gyno- 
dioecy  (Mather,  1940).  In  Epiactis  it  resembles  protogyny,  but  there  is  never  com- 
plete sexual  reversal.  Brooding  animals  are  frequently  hermaphroditic,  as  are 
many  sedentary  species  (Ghiselin,  1969).  E.  prolijera  is  thus  another  example  of 
a  brooding,  sedentary  hermaphrodite. 
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FIGURE  11.  Section  of  an  adherent  gastrula.  Its  endodenn  is  tliicker  than  its  ectoderm 
because  of  the  former's  high  yolk  content;  scale  =  150  /JL.  For  labeling,  see  caption  to  Figure  2. 

FIGURE  12.  Section  through  an  adult  with  adherent  small  juveniles,  which  are  about  2  mm 
in  diameter  at  this  stage. 

Earlier  reports  that  E.  prolifcra  is  dioecious  might  have  resulted  from  examina- 
tion of  few  and/or  small  individuals.  Perhaps,  too,  gonads  were  not  examined  in 
section  so  that  only  larger  oocytes,  visible  to  the  naked  eye,  were  seen.  Even  under 
a  dissecting  microscope,  I  had  difficulty  discerning  oogonia,  small  oocytes  and  sperm 
follicles.  Large  samples  of  sea  anemones  of  different  sizes,  collected  at  various 
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FIGURE  13.  Section  of  a  juvenile's  tentacle.  Spirocysts,  nematocysts  and  gland  cells  are 
discernible  in  the  ectoderm,  and  the  endoderm  still  contains  yolk  granules ;  scale  =  40  n.  Labels 
indicate:  JG  =  gastrovascular  cavity  of  the  juvenile;  JEC  =  juvenile  ectoderm. 

FIGURE  14.  Strip  of  mucus  between  ectoderms  of  parent  and  young.  The  juvenile  has  be- 
come detached;  scale  =  75  p..  For  labeling,  see  caption  to  Figures  2  and  13. 

times  of  year  must  be  examined  histologically  to  ascertain  a  species'  sexual  char- 
acter. There  may  be  many  more  monoecious  species  of  actinians  than  is  commonly 
believed  (Stephenson,  1928,  pp.  91-92)  because  such  precautions  often  have  not 
been  observed.  Studies  of  anthozoan  reproductive  cycles  also  necessitate  histo- 


212 


DAPHXE  FAUTIN  DUNN 


FIGURE  15.     Epiactis  embryo,  slightly  detached  from  its  parent,  with  a  band  of  mucus  extending 
over  it  from  the  parent ;  scale  =  150  /j..    For  labeling,  see  caption  to  Figure  2. 


logical  examination.  Since  sea  anemones  do  not  have  discrete  gonads,  I  believe 
that  a  standard  gonad  index,  as  Ford  (1964)  used  in  his  study  of  Anthopleiira 
elegantissima,  can  be  only  approximately  correct,  at  best. 

Absence  of  vertical  separation  of  gametes  of  the  two  sexes  in  hermaphroditic 
individuals  is  different  from  the  situation  in  Hydra,  where  the  spermary  is  above 
the  ovary  (Hyman,  1940),  and  in  Epiactis  japonica,  where  the  situation  is  reversed 
(Uchidaand  Iwata,  1954). 

The  12  tertiary  pairs  of  mesenteries,  some  of  which  may  be  fertile,  are  attached 
to  the  oral  end  of  the  throat  in  some  larger  individuals,  so  fertile  complete 
mesenteries  can  occur.  Although  Hand  ( 1055  )  denies  this,  and  revises  Carlgren's 
(1949)  generic  definition  to  conform  to  his  observations,  Verrill's  (1899,  pp.  377- 
378)  expanded  description  of  Epiactis  prolifcra  includes  the  phrase  "12  or  more 
pairs  are  perfect  and  fertile."  McMurrich  (1901)  found  that  all  except  the  first 
and  fifth  cycles  of  mesenteries  may  be  fertile,  and  that  the  secondaries  may  also  be 
complete.  These  diverse  observations  reflect  the  variability  of  the  species,  but  none 
accurately  describes  the  situation  I  found.  An  emendation  of  Hand's  (1955, 
p.  39)  revision  which  includes  the  possibility  of  perfect  and  fertile  third  order 
mesenteries  would  read:  "At  least  12  pairs  of  mesenteries  perfect.  .  .  .  Gonads  on 
all  the  stronger  mesenteries,  or  with  the  perfect  mesenteries  of  the  first  tu'o  orders 
sterile  and  the  stronger  (including  perfect)  mesenteries  of  the  later  orders  fertile" 
(italicized  words  are  my  emendations). 

The  regularly  hexamerous  arrangement  of  the  mesenteries  of  Epiactis  suggests 
that  it  does  not  reproduce  asexually.  Of  the  274  animals  that  I  examined  in 
cross-section,  only  one  had  three  pairs  of  directive  mesenteries,  and  one  had  one 
pair. 

Oogonia  begin  to  develop,  apparently,  at  about  the  time  the  fourth  cycle  of  mesen- 
teries is  completed,  regardless  of  season.  Since  there  are  always  adults  of  all  sizes, 
some  individuals  are  completing  their  fourth  cycle  of  mesenteries  at  all  times  of 
the  vear. 
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The  72-mesentery-pair  stage  also  appears  critical  in  the  gametogenic  physiology 
of  E.  prolijera.  A  few  individuals  seem  never  to  become  hermaphrodites  and  others 
apparently  begin  spermatogenesis  at  all  times  after  the  formation  of  72  pairs,  but  the 
change  from  female  to  hermaphrodite  in  most  animals  coincides  with  the  formation 
of  half  the  fifth  cycle  of  mesenteries.  Unlike  the  onset  of  oogenesis,  however,  first 
spermatogenesis  may  be  related  to  external  events.  The  six  smallest  hermaphroditic 
anemones  were  collected  on  four  different  occasions  during  December  and  March. 
It  is  unlikely  that  all  should  have  been  collected  at  about  the  same  time  of  year 
purely  by  chance.  There  is  no  obvious  extrinsic  trigger,  however,  since  water  tem- 
perature in  those  four  months  was  not  equal,  nor  was  it  at  an  extreme,  and  the 
animals,  each  a  different  color,  were  from  a  variety  of  areas  and  intertidal  heights. 

The  onset  of  oogenesis  and  spermatogenesis  may  be  correlated  only  weakly  with 
age  of  an  individual.  The  number  of  mesenteries  increases  as  the  animal  grows,  but 
that  is  not  a  necessary  consequence  of  increased  age  since  sea  anemones  grow  only 
if  fed,  and  may  even  shrink  if  starved  (Chia  and  Spaulding,  1972). 

The  data  on  distribution  of  gametes  in  mesenteries  suggest  that  in  her- 
maphrodites mesenteries  of  the  third  cycle  are  somewhat  more  male  and  those 
of  the  fourth  cycle  are  somewhat  more  female.  This  is  paradoxical  because  the 
tertiary  mesenteries  are  the  older  ones,  but  eggs  develop  before  sperm.  It  is,  how- 
ever, similar  to  the  situation  in  Epiactis  japonica  (Uchida  and  Iwata,  1954). 

The  ovum  of  Epiactis,  although  yolky,  is  intermediate  in  size  for  a  sea  anemone 
(Dawydoff,  1928).  The  movement  of  the  germinal  vesicle  to  the  side  of  the  oocyte 
during  its  growth  is  typical  of  anthozoans  (Chia  and  Rostron,  1970  ;  Gemmill,  1920 ; 
Gohar  and  Roushdy,  1961;  Hill,  1905;  McMurrich,  1890;  Nyholm,  1959)  as 
well  as  other  cnidarians  (Beckwith,  1914;  Hargitt,  1906;  Hargitt,  1909).  The 
lack  of  polarized  orientation  and  synchrony  of  development  of  female  gametes  within 
each  mesentery  in  E.  prolijera  contrasts  with  the  situation  in  Actinia  equina  (Chia 
and  Rostron,  1970).  The  ova  of  some  sea  anemones  float  when  spawned  (Chia 
and  Spaulding,  1972;  Gemmill,  1920,  1921;  Siebert,  1973),  while  those  of  others 
sink  (Gemmill,  1920;  Nyholm,  1959).  Clearly  the  negative  buoyancy  of  Epiactis 
ova  is  absolutely  necessary  to  the  species'  mode  of  reproduction. 

Spermatogenesis,  with  its  layering  of  successive  stages  in  the  follicles,  is  typical 
of  most  animals.  Epiactis  spermatozoa  are  about  the  same  size  as  those  of 
Actinia  equina  (Chia  and  Rostron,  1970)  but  considerably  smaller  than  those  of 
Anthopleura  stellula  (Schmidt,  1970). 

As  the  oocytes  and  sperm  follicles  grow,  the  mesenteric  mesogleal  strand  thins 
around  them.  Why  they  should  mature  within  this  layer,  when  they  arise  in  the 
endoderm  and  must  break  out  through  it  to  be  spawned,  has  never  been  explained. 
One  function  hypothesized  for  the  mesoglea  is  storage  (Chapman,  1966)  and,  if  this 
were  so,  it  might  be  reasonable  for  growing  gametes  to  localize  there  where  stored 
nutrients  would  be  readily  available.  Ho\vever,  the  Hertwigs  (1879;  Hertwig 
1882)  and  Nyholm  (1943)  believe  the  trophonema  has  a  nutritive  function,  and, 
from  a  structural  standpoint,  it  does  seem  admirably  suited  to  deliver  nutrients 
from  the  gastrovascular  cavity  to  the  growing  oocyte.  Its  appearance  in  Epiactis 
coincides  with  the  onset  of  vitellogenesis,  yolk  granules  accumulate  in  the  region 
of  its  contact  with  the  oocyte,  it  alters  its  form  at  the  end  of  oocyte  growth, 
and  there  are  no  nurse  cells  in  E.  prolifera.  These  findings  strengthen  the  nutritive 
hypothesis.  Radiotracer  studies  might  be  useful  in  confirming  or  disproving  it. 
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If  this  is  indeed  its  function,  it  might  be  expected  to  occur  in  most  anthozoan 
species,  where  the  growing  gametes  are  separated  from  the  digestive  and  absorptive 
surface,  but  few  studies  of  anthozoan  reproduction  mention  it.  It  would  also  leave 
unexplained  the  reason  for  the  gametes'  migration  into  the  mesoglea  to  mature. 

It  has  been  suggested  that  sperm  might  reach  an  oocyte  through  the  channel 
of  the  trophonema.  Because  of  the  likelihood  of  post-spawning  fertilization  (see 
below),  and  because  the  structure  appears  so  early  in  the  oogenic  process  and  the 
channel  closes  or  disappears  entirely  at  just  about  the  time  the  egg  cell  finishes 
growing  and  might  be  ready  to  be  fertilized,  this  is  unlikely.  [Development  of 
the  trophonema  in  Epiactis  is  the  same  as  that  described  by  Nyholm  (1943)  for 
Cerian  tli  its  lloydii. } 

When  and  where  reduction  division  and  fertilization  (not  necessarily  in  that 
order)  occur  in  E.  prolijera  are  unknown,  but  I  infer  that  neither  happens  before 
spawning  because  there  is  no  division  of  the  eggs  while  in  the  mesenteries,  unlike 
in  Actinia  equina  (Chia  and  Rostron,  1970),  and  the  oocyte  shown  escaping  from 
the  mesentery  in  Figure  8  still  has  a  large  germinal  vesicle.  All  large  oocytes 
in  the  mesoglea  have  a  conspicuous  nucleus,  but  those  in  the  throat  of  an  animal 
fixed  while  spawning  have  no  detectable  nucleus,  as  is  true  of  other  species  of 
sea  anemones  in  which  fertilization  does  not  occur  until  after  the  ova  have  been 
spawned  (Chia  and  Spaulding,  1972;  Gemmill,  1921;  McMurrich,  1890;  Nyholm, 
1959). 

Although  gametes  in  all  stages  of  maturity  are  present  throughout  the  year, 
external  stimuli  are  almost  certainly  required  for  spawning,  since  it  is  at  least 
sometimes  an  epidemic  phenomenon.  Spawning,  either  epidemic  or  not,  occurs 
during  much  of  the  year,  for  at  least  27%  of  the  rocky  intertidal  population  was 
brooding  at  any  time,  and  spawning  or  recently-spawned  individuals  were  found 
during  seven  months  of  the  year  (February  through  July,  and  October)  (Dunn, 
1972).  Thus  E.  pro!  if  era  resembles  many  other  temperate  species  that  produce 
large  yolky  eggs  or  brood,  in  having  an  extended  breeding  season  (Giese,  1959; 
Thorson,  1936). 

Because  it  is  gynodioecious,  there  is  certainly  some  outbreeding  in  Epiactis, 
but  larger  individuals  might  be  self-fertile  since  their  sperm  and  ova  appear  to 
be  ripe  simultaneously.  This  is  unlikely,  however,  for  when  such  hermaphrodites 
are  studied  in  detail,  it  is  usually  found  that  while  self-fertilization  may  be  pos- 
sible, there  are  mechanisms  to  prevent  it  (e.g.  Silen,  1966). 

The  oocytes  (or  ova?)  found  in  the  gullets  of  juveniles,  and  the  earliest  stages 
attached  to  parent  ectoderm  have  no  visible  nucleus,  so  it  is  uncertain  \vhether 
they  are  fertilized  by  this  time  either.  Perhaps  eggs  adhere  to  parent  ectoderm 
and  are  fertilized  there  (maturation  divisions  may  even  occur  there),  but  in  the 
event  that  development  does  not  proceed,  the  ectoderm  releases  the  sphere.  This 
would  be  adaptive  since  it  would  maximize  the  productive  use  of  the  limited  brood 
area.  It  might  also  account  for  the  observation  that  the  oocytes  that  were  spawned 
in  the  laboratory  and  became  attached  to  the  parent  column  had  disappeared  nine 
days  later.  Since  the  adult  was  alone  in  a  finger  bowl,  the  spheres  were  prob- 
ably unfertilized  (unless  self-fertilization  or  parthenogenesis  can  occur).  Or  per- 
haps non-viable  oocytes,  ova  and  zygotes  simply  deteriorate  and  are  washed  away. 

The  finding  of  freshly-spawned  oocytes  in  the  thorats  of  (sterile)  juveniles 
supports  the  hypothesis  that  maximum  brood  size  is  limited  by  the  amount  of 
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brood  space  (Dunn,  1972).  As  eggs  spawned  by  a  parent  already  brooding 
fairly  large  young  tumble  down  its  column,  some  may  fall  onto  empty  spots  of 
the  brood  area,  keeping  it  filled,  some  may  fall  onto  the  substrate,  but  others  may 
fall  onto  the  juveniles'  tentacles  and  provoke  a  feeding  response.  They  might 
not  be  digested  by  the  juveniles,  however,  since  adult  specimens  of  Epiactis 
will  ingest  other  Epiactis  one-tenth  their  size,  but  within  several  hours  will  regurg- 
gitate  them  unharmed  (Lenhoff,  1965).  Should  the  oocytes  in  the  juveniles' 
gullets  be  egested  and  fall  onto  unoccupied  space  in  the  parental  brood  area,  it 
is  possible  that  they  would  develop  into  juvenile  anemones.  In  fact,  since  not 
all  eggs  that  are  spawned  adhere  immediately  to  the  parent  ectoderm,  this  may 
be  a  way  of  reducing  loss  of  them. 

It  might  be  hypothesized,  by  analogy  with  Actinia  equina  (Chia  and  Rostron, 
1970),  that  young  Epiactis  are  spawned  into  the  plankton,  or  remain  briefly  on 
the  parent  column  before  entering  the  plankton,  only  later  settling  on  "foster 
parents."  The  facts  that  no  E.  prolijera  brooding  young  was  sterile,  that  all  stages 
of  embryogenesis  were  found  among  young  being  brooded,  and  that  parent  and 
juvenile  coloration  are  so  similar  (Dunn,  1972)  make  it  virtually  certain  that  each 
animal  carries  its  own  offspring. 

Dawydoff  (1928)  states  that  as  many  as  32  daughter  nuclei  may  form  in 
anthozoan  zygotes  before  cellularization  begins,  but  it  appears  that  in  Epiactis 
the  number  is  greater.  Meroblastic  cleavage  occurs  in  other  anemones,  but 
whereas  an  ectodermal  epithelium  forms  around  a  mass  of  uncleaved  yolk  in 
Actinia  bcnnudensis  (Gary,  1910),  Tealia  crassicornis  (Chia  and  Spaulding,  1972) 
and  Stoinphia  didemon  (Siebert,  1973),  in  E.  proltfera  the  endoderm  is  composed 
of  a  few  large  cells  from  the  onset  of  cytokinesis.  In  none  of  these  species  does  a 
blastocoel  develop. 

Johnson  and  Snook  (1927)  and  MacGinitie  and  MacGinitie  (1968)  state 
that  the  larvae  of  E.  prolijcra  develop  to  a  considerably  advanced  stage  in  the 
parent  enteron,  then  make  their  way  to  the  outside  where  they  attach  to  the 
parent.  They  may  have  been  influenced  in  their  incorrect  interpretation  of  the 
sequence  of  events  by  Carlgren  (1901),  who  found  no  juvenile  Epiactis  without 
pharynx  and  mesenteries  being  brooded,  so  concluded  that  none  in  less  developed 
stages  ever  occurs  on  the  outside. 

Although  there  are  no  distinct  brood-pits  in  E.  prolijera,  the  ectoderm  around 
each  embryo  enfolds  it,  thereby  preventing  its  falling  off,  but  it  is  unlikely  that 
the  ectodermal  response  is  sufficiently  rapid  to  catch  a  falling  sphere  as  it  tumbles 
down  the  column.  The  freshly-spawned  spheres  probably  first  adhere  in  another 
manner.  Mucoprotein  secreted  by  gland  cells  in  the  parent  ectoderm  may  be  the 
original  cause  of  adhesion  of  the  spheres.  In  later  stages,  mucus  covers  the 
embryos,  which  aids  in  holding  them  on  the  column  (Fig.  15),  and  this  is  sup- 
ported by  the  observation  that  if  a  juvenile  is  pulled  off  its  parent,  a  band  of 
stringy  mucus  encircling  the  brood  area  becomes  apparent.  When  it  is  carefully 
peeled  off  the  adult,  some  of  the  smallest  juveniles  come  with  it.  In  juveniles, 
mucus  acts  as  an  adhesive  between  the  ectoderms  of  parent  and  offspring  (Fig. 
14).  Uchida  and  Iwata  (1954)  believe  that  mucus  is  very  important  in  adhesion 
of  young  Epiactis  japonica  to  the  columns  of  their  parents. 

Large  atrichous  nematocysts,  heretofore  reported  in  E.  prolijera  only  by  K.  W. 
England  [British  Museum  (Natural  History),  personal  communication  to  C. 
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Hand]  occur  in  the  brood  area.  In  the  population  I  studied,  they  measure  23.1- 
J<>.4  <  2.1-4.2  p.  (N==26)  in  fixed  animals,  and  24.0-31.7x2.9-4.3  /*  (N  = 
20)  in  fresh  smears.  I  did  not  find  them  in  small,  non-brooding  individuals. 
The  restriction  of  these  nematocysts  to  the  lower  column  of  larger  adults  suggests 
that  they  might  help  to  hold  the  young  on  the  parent  column,  perhaps  being 
particularly  important  in  initiating  adhesion. 

It  is  likely  that  the  parent  remains  the  active  partner  in  maintaining  the  rela- 
tionship for  its  entire  duration  because  even  relatively  large  juveniles  have  no 
mucoprotein  gland  cells  nor  nematocysts  in  their  columns.  When  a  juvenile 
finally  leaves,  it  is  probably  because  it  has  become  sufficiently  strong  to  overcome 
the  adhesive  forces  of  the  parent  or  because  it  is  pushed  off  by  growing  siblings 
(Dunn,  1972). 

The  intimate  association  between  parent  and  young  suggests  a  nutritive  rela- 
tionship, a  possibility  considered  likely  by  Verrill  (1869)  in  his  original  description 
of  E.  pro/if  era.  However,  like  other  brooders  (Thorson,  1950),  Epiactis  pro- 
duces few  large  yolky  eggs  relative  to  nonbrooding  species.  Thus  the  parent  has 
already  provided  the  developing  offspring  with  an  energy  reserve,  and  further  con- 
tribution to  its  nourishment  would  appear  to  be  redundant  and  probably  unneces- 
sary (cf.  Silen,  1945).  Although  it  seems  unlikely,  experiments  using  radioactive 
food  could  be  done  to  determine  whether  translocation  of  nutrients  from  parent  to 
young  does  occur.  Ef>iactis  not  only  has  large  yolky  eggs,  but  even  tiny  juveniles 
are  capable  of  capturing  small  prey.  They  may  derive  a  nutritional  advantage 
from  their  close  proximity  to  their  parents,  since  they  do  obtain  bits  of  the  food 
held  by  their  parents  or  contained  in  the  egestate  of  the  parents  (Dunn,  1972). 
Thus  food  items  which  might  be  too  large  or  strong  for  them  to  obtain  by  them- 
selves are  available  for  sharing  by  the  young.  The  range  in  size  and  variety  of 
potential  prey  is  therefore  probably  greater  for  attached  young  than  it  would  lie 
for  isolated  animals  of  the  same  size. 
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SUMMARY 

1.  Epiactis  prolifcra  is  a  gynodioecious  hermaphrodite,  most  of  the  intermediate- 
size  individuals  being  female  and  most  of  the  larger  ones  hermaphroditic.     The 
population  studied  lacked  purely  male  individuals. 

2.  Fertile    animals    may    be    found    not    brooding    young,    but    all    brooding 
individuals  examined  were  fertile.     Both  females  and  hermaphrodites  brood. 
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3.  Ganietogenesis    proceeds    in    characteristic    fashion,    although    oogenesis    is 
accompanied  by  the  formation  of  a  trophonema  between  the  oocyte  and  edge  of 
the  mesentery.     All  stages  of  both  types  of  gametes  were  present  throughout  the 
year. 

4.  The  zygotic  nucleus  divides  a  number  of  times  and   the  resulting  nuclei 
segregate  into  two  layers  before  cytokinesis  occurs.     Mesenteries  form  while  endo- 
dermal  cells  are  still  yolk-laden,  and  before  it  is  all  absorbed,  tentacles  with  func- 
tional nematocysts  and  gland  cells  develop.     Thus  attached  juveniles  are  capable 
of  capturing  prey. 

5.  Mucus   and   perhaps   nematocysts,    both    of   parental    origin,    are   probably 
responsible  for  adhesion  of  the  young  to  the  parent's  column.     Enfolding  by  the 
parent  ectoderm  may  also  play  a  role  in  the  early  stages. 
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Echinoderm  gonads  have  been  described  from  periodic  histological  examinations 
made  throughout  the  annual  reproductive  cycle  in  the  following  classes :  Holo- 
thuroidea  (Tanaka,  1958);  Ophiuroidea  (Patent,  1969;  Fenaux,  1970,  1972); 
Asteroidea  (Pearse,  1965;  Chia,  1968;  Crump,  1971);  and  Echinoidea  (Yoshida, 
1952;  Fuji,  1960;  Holland  and  Giese,  1965;  Holland,  1967;  Fenaux,  1968;  Pearse 
and  Phillips,  1968;  Holland  and  Holland,  1969;  Holland  and  Rommel,  1969;  Mc- 
Pherson,  1969;  Pearse,  1969a,  1969b.  1970;  Conor,  1973a,  1973b).  No  com- 
parable study  has  yet  been  published  for  any  species  of  the  echinoderm  class 
Crinoidea.  Therefore,  the  present  investigation  describes  gonadal  development 
during  the  annual  reproductive  cycle  of  Comanthus  japonica  (Miiller),  an  un- 
stalked  crinoid.  The  anatomy  and  histology  of  the  crinoid  reproductive  system 
are  diagrammed  in  Figure  3  of  Holland  (1975). 

MATERIALS  AND  METHODS 

We  studied  a  population  of  Comanthus  japonica.  living  on  rocks  at  the  entrance 
of  Koaziro  Bay,  Kanagawa  Prefecture,  Japan.  At  each  collection  we  captured  3 
to  25  adult  crinoids  by  diving  in  a  few  meters  of  water.  The  distribution  of  male, 
female  and  unsexable  animals  was  as  follows:  14  December  1972  (1  M  +  7  F)  ; 
1  March  1973  (3  M  +  7  F)  ;  7  May  1973  (5  M  +  4  F)  ;  1  July  1973  (3  M  + 
4  F)  ;  4  August  1973  (5  M  +  4  F)  ;  18  August  1973  (5  M  +  4  F)  ;  2  September 
1973  (2  M  +  3  F)  ;  15  September  1973  (3  F)  ;  24  September  1973  (8  F)  ;  27 
September  1973  (14  F)  ;  30  September  1973  (12  F)  ;  2  October  1973  (3  M  + 
13  F)  ;  7  October  1973  (4  M  +  14  F)  ;  11  October  1973  (13  M  4-  12  F)  ;  22 
October  1973  (5  M  +  4  F  +  4  U)  ;  8  November  1973  (4  M  +  7  U)  ;  24  November 
1973  (2  F  +  8  U)  ;  and  1  February  1974  (4  M  +  6  F).  For  the  samples  of  15 
September  1973  through  2  October  1973,  we  deliberately  collected  more  females 
than  males;  however,  for  14  December  1972  and  7  October  1973,  the  predominance 
of  females  over  males  was  presumably  due  to  random  sampling  error.  The  collected 
animals  had  28  to  42  arms  each  and  had  disc  diameters  from  2.4  to  3.7  cm ;  crinoids 
in  this  size  range  had  presumably  been  through  at  least  one  annual  reproductive 
cycle  before  our  study  commenced. 

On  the  day  of  collection,  several  genital  pinnules  were  removed  from  each 
animal  about  a  fifth  of  the  way  between  the  arm  base  and  the  arm  tip ;  they  were 
fixed  at  once  in  sea  water-Bouin's  fluid.  The  fixation  of  2  October  1973  was 
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several  hours  before  spawning  took  place.  After  fixation,  genital  pinnules  were 
dehydrated  in  ethanol,  cleared  in  xylene,  embedded  in  paraffin  and  sectioned  at  7  p. 
Some  sections  were  stained  with  alcian  blue  at  pH  3,  azure  A,  mercuric  brom- 
phenol  blue  or  periodic  acid-Schiff  (PAS)  under  conditions  stated  on  page  284 
of  Holland  and  Nimitz  (1964)  ;  before  staining  with  PAS,  glycogen  was  removed 
with  diastase  (Pearse,  1960).  Other  sections  were  stained  with  haematoxylin  and 
eosin,  with  haematoxylin  and  PAS,  or  with  alcian  blue  and  PAS. 

For  each  gonad,  the  volumes  of  several  cell  populations  were  determined  by  a 
method  not  previously  described.  A  histological  cross  section  was  cut  a  fourth  of 
the  way  between  the  base  and  the  tip  of  the  gonad.  The  section  was  stained  with 
haematoxylin  and  PAS,  and  its  image  was  projected  by  means  of  a  camera  lucida 
onto  a  sheet  of  aluminium  foil  at  a  magnification  of  88  X.  For  each  ovary,  the  out- 
lines of  the  post-pachytene  oocytes  (without  extracellular  jelly,  if  present)  and  the 
lumen  were  outlined  on  the  foil.  Regions  outlined  for  each  testis  were  the 
spermatogonia,  the  spermatocytes  together  with  spermatids  and  the  spermatozoa. 
Each  aluminium  foil  image  was  cut  out  and  weighed  to  the  nearest  tenth  of  a  milli- 
gram. These  weights  were  then  divided  by  the  weight  of  an  aluminium  foil  square 
88  mm  on  a  side  in  order  to  convert  weight  to  area.  The  gonad  (which  actually 
tapers  gently  along  the  distal  fourth  of  its  length)  was  assumed  to  be  a  solid 
cylinder  with  a  constant  diameter  all  along  its  length.  Gonad  length  (measured 
from  dissections  of  fixed  pinnules  adjacent  to  those  prepared  for  histology)  was 
multiplied  by  area  to  yield  the  volume  of  each  region  in  mm3  per  gonad. 

Fluctuations  in  the  size-frequency  structure  of  the  post-pachytene  oocyte  popu- 
lation were  studied  by  the  frequency  polygon  method  of  Pearse  (1965,  p.  53). 
In  histological  sections  of  each  ovary,  the  diameters  of  the  first  fifty  oocytes  en- 
countered in  nucleolar  section  were  measured  with  an  occular  micrometer.  Since 
most  oocytes  were  somewhat  elliptical  in  outline,  the  diameter  was  calculated  by 
adding  the  long  and  short  axes  of  the  ellipse  and  dividing  by  two.  When  an  oocyte 
was  dented  (as  in  Fig.  15),  the  diameter  was  measured  from  the  ridge  crests  on 
one  side  of  the  cell  to  the  ridge  bases  on  the  opposite  side  of  the  cell.  The  size 
range  from  0  to  250  ^  was  divided  into  twenty  size  classes  at  12.5-/A  intervals,  and 
the  percentage  of  oocytes  in  each  size  class  was  calculated. 

Instantaneous  relative  growth  rates  were  calculated  for  the  post-pachytene 
oocytes  according  to  Brody  (1945,  p.  508).  The  volume  of  the  largest  (and  pre- 
sumably first-produced)  oocyte  was  calculated  from  the  average  frequency  polygon 
for  each  collection;  the  volume  was  obtained  from  the  diameter  at  the  upper  limit 
of  the  largest  size  class  to  contain  at  least  1  %  of  the  oocytes.  On  the  assumption 
that  the  annual  reproductive  cycle  follows  essentially  the  same  course  year  after 
year,  we  plotted  the  data  point  for  24  November  1973  as  24  November  1972  and  the 
data  point  for  1  February  1974  as  1  February  1973.  Volumes  were  plotted  on  a 
semilogaramithic  scale  against  time  in  days  after  15  November,  the  birth  date  of 
the  first-produced  oocyte,  which  was  8  /u,  in  diameter  at  birth.  Similarly,  the  volume 
of  the  smallest  (and  presumably  last-produced)  oocyte  was  calculated  from  the 
average  frequency  polygon  for  each  collection ;  the  volume  was  obtained  from  the 
diameter  at  the  lower  limit  of  the  smallest  size  class  to  contain  at  least  \%  of  the 
oocytes.  These  volumes  were  plotted  against  time  in  days  after  15  February  1973, 
the  birth  date  of  the  last-produced  oocyte,  which  was  8  ^  in  diameter  at  birth. 
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The  total  number  of  post-pachytene  oocytes  per  ovary  was  calculated  for  females 
collected  from  March  1973  through  October  1973.  The  total  volume  of  all  oocytes 
in  the  ovary  (obtained  by  the  method  described  three  paragraphs  above)  was 
divided  by  the  volume  of  an  average  oocyte;  this  latter  quantity  was  obtained  by 
calculating  the  volumes  of  the  50  oocytes  used  for  the  frequency  polygon  analysis 
and  dividing  their  sum  by  50.  These  calculated  numbers  of  oocytes  per  ovary  were 
compared  with  direct  counts  of  the  number  of  oocytes  per  ovary.  Counts  of  all 
oocytes  were  made  in  a  complete  serial  reconstruction  of  one  ovary  from  a  female 
collected  on  1  March  1973.  Also,  counts  of  all  oocytes  were  made  by  dissecting 
one  ovary  from  each  of  five  females  collected  on  2  October  1973.  Both  of  these 
direct  counting  methods  proved  too  time  consuming  for  more  extensive  use. 

The  growth  of  the  nucleus  and  nucleolus  relative  to  oocyte  size  was  determined 
from  measurements  of  100  post-pachytene  oocytes  that  had  been  reconstructed 
serially.  For  each  of  the  following  collections,  ten  oocytes  with  the  following 
ranges  in  diameter  were  measured:  14  December  1972  (8-40  p),  1  March  1973 
(30-80  /*),  7  May  1973  (45-100  /*),  1  July  1973  (80-150  /*),  2  September  1973 
(120-170 V),  and' 15  September  1973  ( 150-200  p).  For  each  of  the  following  col- 
lections, twenty  oocytes  with  the  following  ranges  in  diameter  were  measured :  24 
September  1973  (158-213  p,  all  with  extracellular  jelly  and  a  smooth  surface)  and 
2  October  1973  ( 157-216  /*,  all  with  extracellular  jelly  and  a  dented  surface). 

The  deposition  of  extracellular  jelly  around  oocytes  and  the  development  of  the 
dented  oocyte  surface  were  studied  by  plotting  the  frequency  polygon  for  each 
female  collected  from  15  September  through  2  October  1973.  In  these  oocytes,  it 
was  noted  whether  annulate  lamellae  were  present  or  absent ;  these  organelles, 
which  appear  by  light  microscopy  as  basophilic  inclusions  in  the  oocyte  cytoplasm, 
were  actually  identified  as  annulate  lamellae  by  comparison  of  adjacent  Epon  thick 
sections  with  ultrathin  sections  examined  by  electron  microscopy  (Holland,  un- 
published). 

RESULTS 

The  first  parts  of  this  section  deal  with  gross  anatomy  and  tissues  of  the  re- 
productive system ;  the  spawning  dates  delimiting  the  annual  reproductive  cycle 
are  also  described.  These  topics,  with  their  definitions,  put  the  biometric  results 
into  context.  The  biometric  results,  in  turn,  provide  a  background  for  the  cyto- 
logical  results. 

Gross  anatomy  of  C.  japonica,  with  special  reference  to  the  reproductive  system 

The  crinoid  body  consists  of  a  central  disc  from  which  the  arms  radiate;  each 
arm  bears  numerous  side  branches  known  as  pinnules  (Fig.  3  in  Holland.  1975). 
For  C.  japonica,  the  50  or  so  pinnules  nearest  the  disc  are  called  the  genital  pin- 
nules, since  each  contains  a  gonad.  Therefore,  a  large  female  with  40  arms  would 
have  about  2,000  ovaries,  while  a  large  male  with  40  arms  would  have  about  2,000 
testes.  All  the  gonads  of  a  given  animal  are  at  virtually  the  same  stage  of  develop- 
ment. Moreover,  most  of  the  gonads  of  a  given  animal  are  about  the  same  size ; 
only  the  most  distally  located  gonads  of  each  arm  are  markedly  smaller  than  the 
other  gonads  (in  the  present  study,  these  smaller  gonads  were  never  the  ones 
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sampled).  Each  gonad,  which  is  elongate  and  approximately  cylindrical,  varies 
greatly  in  size  during  the  annual  reproductive  cycle.  When  smallest,  in  November, 
the  width  is  about  0.05  mm,  and  the  length  is  about  6  mm.  When  largest,  in  early 
October,  the  width  is  about  1.2  mm,  and  the  length  is  about  8  mm. 

The  tissues  of  the  gonads 

Both  the  ovary  and  the  testis  are  composed  of  three  layers  arranged  concen- 
trically around  a  central,  blind  lumen.  The  outer  layer  of  the  gonad  consists  mainly 
of  a  sheet  of  visceral  peritoneal  cells.  Muscle  cells  and  nerve  cells,  which  are  also 
present,  are  very  small  and  can  be  demonstrated  clearly  only  by  electron  micros- 
copy (Holland,  1971  and  unpublished  observations).  For  our  purposes,  the  outer 
layer  needs  no  further  biometric  or  cytological  description. 

The  inner  layer  of  the  gonad  is  the  germinal  epithelium,  and  its  structure  de- 
pends both  on  the  sex  of  the  animal  and  on  the  time  of  year.  The  inner  layer 
of  the  ovary  is  made  up  of  some  combination  of  non-germinal  cells,  oogonia,  spireme 
oocytes  and  post-pachytene  oocytes.  The  cytodifferentiative  sequence  of  these 
female  germinal  cells  is :  oogonia,  spireme  oocytes  and  post-pachytene  oocytes. 
The  inner  layer  of  the  testis  is  made  up  of  some  combination  of  non-germinal  cells, 
spermatogonia,  spermatocytes  and  spermatids.  Spermatozoa  are  not  a  part  of  the 
inner  layer,  being  located  instead  in  the  testicular  lumen.  The  cytodifferentiative 
sequence  of  the  male  germinal  cells  is:  spermatogonia,  spermatocytes,  spermatids 
and  spermatozoa.  In  the  ovaries  and  testes,  several  of  the  germinal  cell  popula- 
tions undergo  conspicuous  fluctuations  in  volume,  which  will  be  described  in  the 
biometric  part  of  the  results  section.  All  of  the  non-germinal  and  germinal  cell 
types  of  the  inner  layer  and  lumen  will  be  described  in  the  cytological  part  of  the 
results  section. 

Interposed  between  the  outer  and  inner  layers  of  the  gonad  is  the  intermediate 
layer,  consisting  of  an  inconspicuous  matrix  of  haemal  fluid  in  which  are  embedded 
the  gonadal  accessory  cells.  The  size  of  the  accessory  cell  population  depends  on 
the  time  of  year,  both  in  the  ovary  and  in  the  testis.  When  enlarged,  this  cell 
population  presses  into  the  center  of  the  gonad ;  at  such  times,  the  gonadal  lumen, 
although  reduced  to  a  mere  slit,  always  remains  bounded  by  the  inner  layer. 
Fluctuations  in  the  volume  of  the  accessory  cell  population  and  the  structure  of  the 
individual  accessory  cells  will  not  be  described  in  the  present  investigation. 

Spawning  dates  delimiting  the  1^72—73  reproductive  e\ele 

The  population  of  C  .  japonica  living  in  Koaziro  Bay  typically  spawns  each  year 
on  a  single  afternoon  in  October  (Dan  and  Kubota,  1960).  However,  the  annual 
reproductive  cycle  of  1972-73  was  not  typical,  since  it  began  with  spawning  on  two 
consecutive  afternoons  (11  and  12  October  1972)  and  ended  with  spawning  on  at 
least  five  afternoons  in  October  1973.  We  did  not  anticipate  such  a  complicated 
spawning  pattern,  and  thus  our  sampling  procedure  left  much  to  be  desired.  Dur- 
ing the  first  half  of  October  1973,  we  collected  crinoids  every  day  or  two.  Some 
animals  collected  on  2,  3,  4,  17  and  IS  October  spawned  after  being  brought  into  the 
laboratory  on  the  day  of  collection.  Moreover,  some  animals  were  observed 
spawning  in  the  field  during  the  afternoons  of  3,  4  and  18  October;  no  field  ob- 
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servations  were  made  on  2  October,  and  those  made  on  17  October  demonstrated  no 
spawning  animals.  Random  samples  of  animals  collected  on  7  and  11  October 
1973  revealed  that  the  crinoids  spawning  on  2,  and  3  and  4  October  accounted  for 
about  40%  of  the  males  and  about  40%  of  the  females.  After  the  spawnings  of 
17  and  18  October,  a  random  sample  collected  on  22  October  revealed  that  the 
remainder  of  the  females  had  spawned  ;  however,  a  few  unspawned  (or  perhaps 
partially  spawned)  males  were  still  present.  By  8  November,  all  the  collected 
males  had  spawned.  Thus  the  1972-73  reproductive  cycle,  which  began  in  the 
second  week  of  October  1972,  ended  for  about  40%  of  the  population  in  the  first 
week  of  October  1973  and  probably  ended  for  the  remaining  60%  of  the  population 
in  the  third  week  of  October  1973. 

Volume  fluctuations  in  the  oocytc  population  and  ovarian  lumen 

Figure  1A  shows  fluctuations  in  the  volume  of  the  population  of  post-pachytene 
oocytes  and  in  the  volume  of  the  ovarian  lumen.  The  population  of  oocytes  in- 
creased in  volume  throughout  the  winter,  spring  and  summer.  This  increase  re- 
sulted from  the  enlargement  of  the  individual  oocytes,  even  though  the  total  num- 
ber of  cells  was  decreasing  from  mid-winter  through  spawning  in  October  (as  will 
be  demonstrated  below).  At  spawning,  the  population  volume  decreased  suddenly 
to  a  very  small  value,  which  declined  to  zero  in  the  month  that  followed.  The 
ovarian  lumen,  present  but  immeasurably  small  for  much  of  the  year,  became  en- 
larged in  summer  and  was  presumably  filled  with  fluid  (although  some  of  the  en- 
largement may  have  been  a  shrinkage  artifact  caused  by  fixation).  In  some  ovaries, 
the  enlarged  lumen  contained  portions  of  degenerating  oocytes,  as  illustrated  on 
plate  XV,  Figure  4  in  Dan  and  Dan  (1941a).  In  the  days  immediately  after 
spawning  in  October,  the  ovarian  lumen  remained  somewhat  distended ;  however, 
by  a  month  after  spawning,  the  lumen  had  become  too  small  to  measure. 

Volume  fluctuations  in  male  germinal  cell  populations 

Figure  IB  shows  fluctuations  in  the  volumes  of  the  germinal  cell  populations  of 
the  testis.  For  each  cell  type,  the  volume  of  the  cell  population  is  proportional  to 
the  number  of  cells  present,  since  the  sizes  of  individual  cells  do  not  vary  greatly 
during  the  year.  The  population  volume  of  the  spermatogonia  increased  during 
winter,  spring  and  early  summer.  An  analysis  of  this  volume  increase  by  the 
method  of  Brody  (1945,  p.  513)  revealed  that,  during  this  part  of  the  year,  the 
spermatogonia  had  a  maximum  mean  cell  cycle  time  of  35  days  (we  assumed  that 
the  growth  fraction  was  unity  and  that  no  cell  death  occurred).  Subsequently, 
during  the  latter  part  of  August  and  during  September,  the  population  volume 
of  the  spermatogonia  decreased  rapidly  and  finally  declined  zero  in  the  month  after 
spawning.  The  population  volume  of  the  spermatocytes  together  with  spermatids 
increased  from  zero  in  early  July  to  maximum  values  during  August  and  Septem- 
ber. At  spawning  in  early  October,  the  volume  fell  suddenly  and  then  declined  to 
zero  in  the  following  weeks.  The  population  volume  of  the  spermatozoa  was  zero 
in  early  July,  increased  markedly  during  late  summer,  and  then  decreased  suddenly 
at  spawning.  Finally,  in  the  weeks  that  followed  spawning,  the  volume  declined  to 
zero. 
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FIGURE  1.  Volume  fluctuations  of  gonadal  regions  during  the  annual  reproductive  cycle  of 
Comanthus  japonica.  The  number  of  individual  animals  averaged  for  each  sample  is  shown 
above  the  date  of  collection.  The  spawnings  of  the  first  and  third  week  of  October  1973  are 
marked,  respectively,  by  arrows  I  and  II.  For  the  triangular  data  points,  only  spawned 
animals  in  the  collection  were  taken  into  account.  For  the  data  points  labeled  U.  the  animals 
were  unsexable;  (A)  volume  per  ovary  of  the  post-pachytene  oocyte  population  and  of  the 
ovarian  lumen.  The  thickened  segments  of  the  horizontal  axis  indicate  the  approximate  inter- 
val during  each  annual  cycle  when  precursors  of  the  post-pachytene  oocytes  (namely,  oogonia 
and  spireme  oocytes)  were  present  in  the  ovary;  (B)  volume  per  testis  of  the  male  germinal 
cell  populations. 


Fluctuations  in  the  size-jrequency  struct  it  re  oj  the  oocvtc  population 

Changes  in  the  size-frequency  structure  of  the  post-pachytene  oocytes  have 
been  demonstrated  by  a  frequency  polygon  analysis  (Fig.  2).  Each  of  the  eleven 
average  frequency  polygons  has  been  plotted  against  the  date  of  collection.  For 
most  collections,  the  polygon  of  each  individual  female  was  approximately  con- 
gruent with  the  average  polygon  ;  however,  four  of  seven  females  collected  on  1 
March  1973  had  distinctly  bimodal  frequency  polygons.  Otherwise,  the  individual 
polygons  were  tmimodal,  aside  from  relatively  slight  irregularities,  which  were 
presumably  due  to  random  sampling  error. 
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FIGURE  2.  Fluctuation  in  the  size-frequency  structure  of  post-pachytene  oocytes  of  C.  japonica. 
Each  of  the  eleven  average  frequency  polygons  was  constructed  from  cytometric  data  from  the 
number  of  females  shown  above  the  polygon.  The  thickened  segments  of  the  horizontal  axis 
indicate  the  presence  of  oogonia  and  spireme  oocytes.  Arrows  I  and  II  mark,  respectively,  the 
spawnings  of  the  first  and  third  weeks  of  October  1973. 


Within  each  ovary,  the  entire  population  of  post-pachytene  oocytes  grew  as  a 
single  generation  (also  called  a  cohort  of  oocytes).  The  growth  of  all  oocytes  as  a 
single  generation  is  rarely  encountered  in  echinoderms,  having  previously  been  re- 
ported only  for  the  asteroid  Patiriclla  regularis  (Crump,  1971)  and  possibly  also 
for  the  asteroid  Astcrias  nibcns  (Schlieper,  1957).  This  rare  pattern  of  oocyte 
growth  is  certainly  not  a  characteristic  of  crinoids  in  general,  since  the  ovaries  of 
most  species  contain  more  than  one  oocyte  generation  (Holland,  unpublished 
observation) . 

In  any  female  of  C.  japonica  collected  from  late  winter  through  early  fall,  the 
diameters  of  the  largest  and  smallest  oocytes  differed  by  at  least  80  //,.  This  wide 
range  in  oocyte  diameters  within  each  oocyte  population  was  not  an  artifact  caused 
by  our  sampling  method,  since  similar  ranges  were  found  in  random  samples  of 
unsectioned  oocytes  teased  from  fixed  ovaries.  Presumably,  in  each  oocyte  popula- 
tion, the  largest  cells  were  the  first  produced  and  thus  the  oldest,  while  the  smallest 
cells  were  the  last  produced  and  thus  the  youngest;  the  following  analysis  of 
growth  rates  depends  on  the  acceptance  of  the  foregoing  presumption. 

Instantaneous  relative  t/roi^tlt  rates  of  post-pachytene  oocvtcs 

The  growth  of  two  oocytes  is  shown  in  Figure  3.  The  curve  at  the  left  is  for 
the  largest  (and  presumably  the  first-produced)  oocyte,  and  the  curve  at  the  right 
is  for  the  smallest  (and  presumably  the  last-produced)  oocyte.  These  cells,  if 
spawned  on  2  October,  would  be  321  and  229  clays  old  respectively.  The  instan- 
taneous relative  growth  rates  (k)  of  the  largest  oocyte  are  as  follows:  0.284 
between  15  November  and  24  November;  0.126  between  24  November  and  14 
December;  0.031  between  14  December  and  1  March;  and  0.012  between  1  March 
and  2  October.  Similarly,  instantaneous  relative  growth  rates  of  the  smallest 
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FIGURE  3.  Instantaneous  relative  growth  rates  (k)  of  post-pachytene  oocytes  of  C. 
japonica.  The  growth  curve  at  the  left  is  for  the  largest  (and  presumably  the  first-produced) 
oocyte,  and  the  growth  curve  at  the  right  is  for  the  smallest  (and  presumably  last-produced) 
oocyte.  The  triangular  data  point  on  eacli  curve  is  the  presumed  volume  on  the  birth  date  of 
the  oocyte.  The  thickened  segment  of  each  horizontal  axis  indicates  the  presence  of  oogonia  and 
spireme  oocytes. 

oocyte  are  as  follows:    0.111  between  15  February  and  1  March;  0.042  between  1 
Marcb  and  7  May;  and  0.031  between  7  May  and  2  October. 

The  two  curves  of  Figure  3  are  not  congruent.  The  last-produced  oocyte,  in 
comparison  to  the  first-produced,  has  a  slower  early  growth  but  a  faster  late 
growth.  The  reasons  for  these  differences  are  not  known.  The  tendency  of  the 
last-produced  oocytes  to  catch  up  with  the  first-produced  one  during  later  growth 
is  not  great  enough  to  prevent  the  wide  range  in  oocyte  diameters  observed  on 
the  day  of  spawning.  If  one  could  plot  growth  curves  for  oocytes  produced  be- 
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tween  mid-November  and  mid-February,  one  would  no  doubt  obtain  a  family  of 
curves  falling  between  the  two  extremes  plotted  in  Figure  3.  All  oocytes  of  C. 
japonica,  no  matter  when  they  are  produced,  grow  rapidly  at  first  and  then  more 
slowly  later.  This  pattern  of  oocyte  growth  contrasts  markedly  with  that  in 
Strongylocentrotus  purpuratits,  an  echinoid  in  which  the  instantaneous  growth  rate 
is  highest  for  medium-sized  oocytes  and  not  for  small  ones  (Conor,  19731)). 

Changes  in  tJic  total  number  of  post-pachytene  oocytes  per  oi'ary 

The  decline  in  the  total  number  of  post-pachytene  oocytes  per  ovary  is  shown 
in  Figure  4.  Calculated  numbers  of  oocytes  per  ovary  were  averaged  ( filled 
circles )  and  plotted  against  the  date  of  collection.  The  eight  collections  repre- 
sented were  made  from  1  March  1973  through  2  October  1973.  In  this  seven- 
month  period,  during  which  no  new  cells  were  entering  the  cell  population,  the 
calculated  number  of  oocytes  per  ovary  declined  from  3,360  to  1,348.  By  contrast, 
direct  counts  (triangles)  revealed  that,  during  the  same  period,  the  number  of 
oocytes  per  ovary  declined  from  2,551  to  941.  Evidently,  the  calculated  values  are 
somewhat  too  large,  chiefly  because  the  distal  tapering  of  the  ovary  was  not  taken 
into  account  when  the  volume  of  the  oocyte  population  was  determined.  In  any 
case,  it  is  safe  to  say  that  at  least  two  to  three  times  as  many  post-pachytene  oocytes 
were  originally  produced  as  were  present  on  the  day  of  spawning.  The  decline 
in  the  number  of  oocytes  was  reflected  by  the  presence  of  a  few  degenerating  oocytes 
( and  debris  probably  derived  from  them )  in  many  of  the  ovaries  sampled  from 
March  through  October.  It  is  not  known  if  degeneration  occurs  at  random  in  the 
oocyte  population,  irrespective  of  cell  size.  If  one  assumes  that  a  large  (40-armed) 
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FIGURE  4.  The  decline  in  the  total  number  of  post-pachytene  oocytes  of  C.  jupmiica  col- 
lected from  early  March  through  early  October.  The  number  of  females  averaged  for  each 
calculated  number  (filled  circle)  is  shown  above  the  date  of  collection;  the  regression  line  for 
these  points  was  determined  according  to  Sokal  and  Rholf  (  1969,  chapter  14 ) .  The  triangles 
show  the  number  of  oocytes  determined  by  direct  counts.  The  thickened  segment  of  the  hori- 
zontal axis  indicates  the  presence  of  oogonia  and  spireme  oocytes. 
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FIGURE  5.     Cross  section  of  a  gonad  of  an  unsexable  animal  collected  8  November   1973. 
Two  gonial  cells    (arrows)   are  located  in  the  inner  layer  of  the  gonad,  which   surrounds  the 
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female  has  2,000  ovaries  which  emit  1000  ova  each,  then  a  single  female  may 
spawn  as  many  as  two  million  ova. 

The  cytology  of  the  cells  of  the  inner  layer  oj  the  unsexable  gonad 

The  gonad,  after  spawning,  passes  through  a  brief  phagocytic  stage  (which  we 
will  treat  after  the  cells  of  the  ripe  gonads  have  been  described)  and  enters  a  stage 
during  which  the  sex  of  the  animals  cannot  be  established  with  certainty.  During 
this  unsexable  stage,  which  lasts  several  weeks,  a  sex  reversal  by  individual 
crinoids  remains  a  possibility  and  should  be  investigated  further.  The  inner  layer 
of  an  unsexable  gonad,  like  the  one  of  8  November  (Fig.  5),  consists  of  a  simple 
epithelium  of  cuboidal  cells.  Some  of  these  cells  are  about  8  /A  across  and  contain 

gonadal  lumen  (L).  The  intermediate  layer  of  the  gonad  appears  empty  of  cells,  while  the 
outer  layer  of  the  gonad  is  conspicuous.  The  gonad  is  surrounded  by  the  genital  coelom 
(GC).  The  scale  line  is  10  /*;  haematoxylin  and  eosin. 

FIGURE  6.  Cross  section  of  an  ovary  of  a  female  collected  14  December  1972.  A  spireme 
oocyte  (arrow)  is  located  in  the  inner  layer  of  the  ovary,  which  surrounds  the  ovarian  lumen 
(L).  Several  post-pachytene  oocytes,  like  the  one  at  the  upper  left,  bulge  away  from  the 
lumen.  The  genital  coelom  is  labeled  GC.  The  scale  line  is  10  n;  haematoxylin  and  eosin. 

FIGURE  7.  Cross  section  of  an  ovary  of  a  female  collected  14  December  1972.  Yolk 
granules  (arrow)  are  present  in  the  cytoplasm  of  post-pachytene  oocytes.  The  lumen  and 
genital  coelom  are  labeled  L  and  GC,  respectively.  Darkly  stained  accessory  cells  are  present 
in  the  intermediate  layer  of  the  ovary.  The  scale  in  line  is  20  /x;  PAS. 

FIGURE  8.  The  periphery  of  an  ovary  from  a  female  collected  1  March  1973.  The  arrow 
indicates  the  association  zone  between  an  oocyte  and  non-germinal  cells  of  the  inner  layer  of 
the  ovary.  Toward  the  right  of  the  figure  are  several  accessory  cells  and  a  portion  of  the 
narrow  ovarian  lumen  (L).  The  scale  line  is  25  /u;  haematoxylin  and  eosin. 

FIGURE  9.  The  periphery  of  an  ovary  from  a  female  collected  1  March  1973.  Diplotene 
chromosomes  are  conspicuous  in  the  nucleus  of  the  oocyte.  The  scale  line  is  20  /j. ;  haemotoxy- 
lin  and  eosin. 

FIGURE  10.  Oocytes  of  a  female  collected  4  August  1973.  Cortical  granules  (arrows)  are 
scattered  in  the  cytoplasm  and  are  also  abundant  just  beneath  the  plasma  membrane.  The 
scale  line  is  30  /j. ;  azure  A. 

FIGURE  11.  Dented  oocytes  of  a  female  collected  24  September  1973.  Cytoplasmic  fibers 
(arrow)  radiate  from  the  region  where  a  dented  oocyte  is  associated  with  non-germinal  cells 
of  the  inner  layer  of  the  ovary.  A  dented  oocyte  in  tangential  section  is  at  the  bottom  right. 
The  scale  line  is  25  M;  azure  A. 

FIGURE  12.  A  dented  oocyte  of  a  female  collected  2  October  1973.  Diakinesis  chromosomes 
(arrows)  lie  at  the  periphery  of  the  nucleus.  The  dark  patches  in  the  cytoplasm  are  annulate 
lamellae.  The  scale  line  is  25  /*;  haematoxylin  and  eosin. 

FIGURE  13.  An  oocyte  of  a  female  collected  24  September  1973.  The  extracellular  jelly  is 
in  the  form  of  a  continuous  layer  (arrow).  The  scale  line  is  25  n;  PAS. 

FIGURE  14.  Dented  oocytes  of  a  female  collected  27  September  1973.  The  extracellular 
jelly  is  mostly  in  the  form  of  jelly  spheres  (arrows).  The  scale  line  is  25  /j.;  alcian  blue  and 
PAS. 

FIGURE  15.  A  dented  oocyte  of  a  female  collected  2  October  1973.  The  extracellular  jelly 
is  in  the  form  of  jelly  clumps  (arrows).  The  scale  line  is  25  /*;  alcian  blue. 

FIGURE  16.  The  periphery  of  an  ovary  from  a  spawned  female  collected  7  October  1973. 
The  ovarian  lumen  is  labeled  L,  and  the  genital  coelom  is  labeled  GC.  The  chorions  (arrows), 
which  formerly  surrounded  the  oocytes,  have  been  left  behind  at  ovulation  in  the  inner  layer  of 
the  ovary.  The  scale  line  is  30  ytt;  alcian  blue  and  PAS. 

FIGURE  17.  The  periphery  of  a  testis  from  a  male  collected  on  4  August  1973.  Most  of 
the  cells  at  the  left  are  spermatogonia  (SPG).  At  the  right  are  several  spermatocytes  (twin 
arrow),  a  spermatid  (single  arrow)  and  numerous  spermatozoa  (SPZ).  The  genital  coelom 
is  labeled  GC.  The  scale  line  is  15  jt;  haematoxylin  and  PAS. 
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a  spherical  nucleus  about  (>  /*  in  diameter.  The  nucleus  contains  one  or  two  nucleoli 
about  1.5  p  in  diameter  and  is  surrounded  by  a  thin  shell  of  clear  cytoplasm.  It  is 
reasonable  to  assume  that  these  nucleolate  cells  are  gonial  cells.  In  addition  to  the 
gonial  cells,  the  inner  layer  includes  non-germinal  cells  characterized  by  a  small 
amount  of  cytoplasm  surrounding  an  oval  nucleus  (about  5 //  X  3  p. )  that  lacks  a 
conspicuous  nucleolus. 

The  eytoloijy  oj  the  inner  layer  of  the  oi'ury  until  late  September 

P>v  late  November,  ovaries  are  unequivocally  recognizable,  since  their  inner 
layers  by  then  contain  definitive  female  germinal  cells.  From  late  November 
through  earlv  Februarv.  the  inner  layer  is  made  up  of  non-germinal  cells,  oogonia, 
spireme  oocytes  and  post-pachytene  oocytes.  The  oogonia,  which  resemble  the 
gonial  cells  described  in  the  preceding1  paragraph,  differentiate  into  spireme  oocytes 
I  a  term  which  covers  the  leptotene  through  pachytene  stages  of  the  first  meiotic 
prophase).  Fach  spireme  oocyte  is  about  7  //  in  diameter  and  has  an  anucleolate 
nucleus  containing  a  tangle  of  threadlike  chromatin  (Fig.  (>,  arrow).  Spireme 
oocytes  give  rise  to  post-pachytene  oocytes  (a  term  which  covers  the  diplotene, 
diffuse,  and  diakinesis  stages  of  the  first  meiotic  prophase).  Post-pachytene 
oocytes  are  about  S  //  in  diameter  when  nevvlv  produced,  but  most  are  much  larger. 
In  the  nucleus,  one  conspicuous  nucleolus  is  invariably  present.  As  post-pachytene 
oocytes  enlarge,  they  soon  bulge  outward,  away  from  the  ovarian  lumen  (Figs,  u 
and  7).  From  late  February  through  spawning  in  October,  the  inner  layer  of  the 
ovary  consists  onlv  of  non-germinal  cells  and  post-pachytene  oocytes. 

Although  the  post-pachytene  oocytes  bulge  away  from  the  ovarian  lumen,  the 
inner  edge  of  each  oocyte  remains  in  intimate  association  with  the  non-germinal 
cells  of  the  inner  layer  (Figs.  S  and  11).  Thus  oocytes  always  belong  to  the  inner 
layer  of  the  ovary  in  C.  japmnea.  In  other  crinoid  species,  oocytes  have  often  been 
considered  part  of  the  intermediate  layer  of  the  ovarv  ;  this  may  well  be  an  error 
of  omission  caused  bv  the  failure  of  previous  workers  (including  Holland,  1971) 
to  recognize  the  inconspicuous  /.one  of  cell-to-cell  association.  This  zone  was  seen 
by  Cuenot  (  1S(>1  )  and  bv  Dan  and  Dan  (  l('41a),  who  referred  to  it  as  the  oocyte 
stalk:  however,  those  authors  did  not  demonstrate  that  the  base  of  the  "stalk"  was 
a>sociated  with  non-germinal  cells  of  the  inner  layer  of  the  ovary.  There  is  no 
light  microscopic  evidence  that  the  association  zone  is  the  site  of  a  massive  transter 
of  nutrients  from  non-germinal  cells  to  the  oocvte. 

From  the  birth  date  of  a  post-pachytene  oocyte  (which  may  be  any  time  be- 
tween 15  November  and  15  February)  until  late  September,  cell  structure  depends 
on  cell  size.  In  Figure  ISA  (tilled  circles),  the  nuclear  diameter  has  been  plotted 
against  the  diameter  of  oocytes  sampled  prior  to  late  September.  The  curve,  by 
inspection,  has  an  inflection  at  an  oocyte  diameter  of  75  //,.  The  points  to  the  left 
and  right  of  the  inflection  are  respectively  fitted  by  the  following  regression  lines: 
v  :=  0.343x  +  5.07  and  y  "  0.222x  +  14.75.  Post-pachytene  oocytes  less  than  about 
100  \t,  in  diameter  are  in  the  diplotene  stage,  and  their  nucleoplasm  contains  strands 
of  ha.sophilic  material  (Figs.  6  and  9)  that  are  presumably  chromosomes.  Oocytes 
larger  than  about  100  p.  in  diameter  are  in  the  diffuse  stage  (usage  of  Rhoades. 
I'Xil  ),  and  the  nucleoplasm  consists  only  of  diffuse,  flocculent  material  (Fig.  10). 
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The  nucleolus  of  each  oocyte  is  eccentrically  located  in  the  nucleus.  In  Figure 
18B  (filled  circles)  the  nucleolur  diameters  have  been  plotted  against  the  diameters 
of  oocytes  sampled  prior  to  late  September.  The  curve,  by  inspection,  has  an  in- 
flection at  an  oocyte  diameter  of  50  /j..  The  points  to  the  left  and  right  of  the  in- 
flection are  respectively  fitted  by  the  following  regression  lines:  y  —  0.1 17x  +  0.84 
and  y  --  0.038x  +  4.09.  Until  late  September,  the  nucleolus  always  consists  of  a 
spherical  core  surrounded  concentrically  by  a  thin  cortex.  Both  core  and  cortex 
are  strongly  basophilic.  the  latter  slightly  more  so  than  the  former.  Xucleolar 
staining  with  mercuric  bromphenol  blue  varies  in  intensity  from  oocyte  to  oocyte; 
however,  in  general,  the  core  stains  more  intensely  than  the  cortex.  In  oocytes 
greater  than  about  75  /JL  in  diameter,  alcian  blue  stains  the  nucleolar  core  but  not  the 
cortex;  thus,  surprisingly,  the  core  apparently  contains  nonsulfated  acid  muco- 
polysaccharide.  Xo  part  of  the  nucleolus  is  ever  .stained  by  PAS. 

Eosinophilic  yolk  granules  begin  to  appear  when  post-pachytene  oocytes  reach 
a  diameter  of  about  12  /*;  soon  thereafter,  the  yolk  granules  become  ubiquitously 
and  abundantly  distributed  throughout  the  oocyte  cytoplasm.  Each  granule  varies 
from  about  0.5  p.  to  2.5  p.  in  diameter.  Cytochemically,  the  yolk  granules  stain 
intensely  with  PAS  (Fig.  7)  and  moderately  with  mercuric  bromphenol  blue; 
these  reactions  indicate  an  abundance  of  neutral  mucopolysaccharide  and  protein 
respectively.  Since  alcian  blue  and  azure  A  do  not  stain  the  granules,  little  or  no 
acid  mucopolysaccharide  is  present.  Yitellogenesis  in  C.  japonica  is  very  pre- 
cocious in  comparison  to  that  in  most  other  animals.  Such  precocious  vitellogenesis 
is  not  characteristic  of  other  crinoids  that  have  been  studied  ;  in  these,  the  first  part 
of  oocyte  growth  includes  a  long  period  of  basophilic  cytoplasm  in  which  yolk 
granules  are  rare  or  absent  (Chubb,  1906  ;  Vannini,  1953  ;  Urbani,  1955  ;  Davenport 
and  Davenport,  1966;  Holland,  1971). 

Cortical  granules  begin  to  appear  in  the  cytoplasm  of  oocytes  larger  than  115  //, 
in  diameter,  excepting  a  few  such  cells  in  the  sample  of  7  May  1973.  The  cortical 
granules,  which  range  in  diameter  from  1  ^  to  3  /JL,  are  stained  dark  blue  (ortho- 
chromasia)  with  azure  A  (Fig.  10).  Mercuric  bromphenol  blue  stains  the  cortical 
granules  only  slightly  darker  than  the  yolk  granules.  Xeither  alcian  blue  nor  PAS 
stain  the  cortical  granules  at  all.  In  the  collections  of  July,  August  and  the  first 
part  of  September,  some  cortical  granules  were  scattered  widely  throughout  the 
oocyte  cytoplasm  (Fig.  10,  arrows),  while  the  rest  of  the  cortical  granules  were 
located  just  beneath  the  plasma  membrane.  There  is  little  doubt  that  the  cortical 
granules  scattered  in  the  cytoplasm  are  being  produced  there;  then,  after  having 
been  produced,  they  migrate  to  the  extreme  periphery  of  the  oocyte  where  they 
accumulate. 

The  inner  edge  of  each  post-pachytene  oocvte,  as  already  described,  remains  in 
intimate  association  with  non-germinal  cells  of  the  inner  layer  of  the  ovary.  The 
oocyte  cytoplasm,  just  subjacent  to  this  association  zone,  often  contains  fibers 
which  radiate  toward  the  center  of  the  cell.  These  fibers  (some  of  which  are 
visible,  but  not  conspicuous  in  Fig.  8)  stain  darkly  with  haematoxylin  and  also  with 
azure  A  (showing  orthochromasia).  Although  the  function  of  these  fibers  is  not 
known,  they  are  evidence  of  an  early  cytoplasmic  polarity  in  the  post-pachytene 
oocytes. 

The  oocyte  surface  appears  smooth  by  light  microscopy  in  collections  made  be- 
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fore  late  September.  Around  oocytes  that  have  reached  about  75  //,  in  diameter, 
an  extracellular  coat,  which  we  will  call  the  chorion.  becomes  faintly  stainable 
with  alcian  blue.  This  chorion  becomes  more  conspicuous  around  larger  oocytes, 
but  never  exceeds  half  a  micron  in  thickness ;  it  continues  to  stain  with  alcian  blue 
and  also  stains  weakly  with  PAS,  mercuric  bromphenol  blue  and  azure  A  (showing 
beta  metachromasia).  These  cytochemical  reactions  indicate  that  the  chorion  in- 
cludes some  protein  and  acid  mucopolysaccharide.  Even  when  well-developed,  the 
chorion  never  intervenes  between  the  oocyte  and  the  adjacent  non-germinal  cells 
of  the  inner  layer;  instead,  each  chorion  is  probably  continuous  with  the  basal 
lamina  underlying  the  non-germinal  cells  of  the  inner  layer  (this  relationship  will 
be  discussed  further  below). 

The  cytology  of  tJic  inner  layer  of  the  ovary  from  late  September  to  spawning 

Between  late  September  and  spawning  in  October,  the  inner  layer  of  the  ovary 
still  consists  only  of  non-germinal  cells  and  post-pachytene  oocytes.  By  this  time, 
the  nuclei  of  the  several  dozen  non-germinal  cells  adjacent  to  each  oocyte  become 
more  spherical  and  more  basophilic  than  before  (Fig.  11).  Oocyte  structure  no 
longer  depends  on  cell  size ;  instead,  all  the  oocytes  in  a  given  ovary  begin  to 
differentiate  almost  simultaneously,  even  though  the  diameters  of  the  largest  and 
smallest  cells  in  the  population  differ  by  about  80  p..  During  the  final  weeks  of 
oogenesis,  conspicuous  morphological  changes  occur  both  in  the  nucleus  and  in  the 
cytoplasm. 

A  disproportional  swelling  of  the  oocyte  nucleus  begins  after  mid  September 
(Fig.  ISA).  The  swelling  is  significant,  since  the  confidence  limits  of  the  follow- 
ing regression  lines  do  not  overlap:  y  :=  0.222x  +  14.75  (15  September);  y  = 
0.212x  +  30.65  (24  September)  ;  and  'y  :=  0.1 28x  +  63.19  (2  October).  More- 
over, in  the  collections  from  27  September  through  2  October,  chromosomes  reap- 
pear in  most  of  the  oocytes  (Fig.  12,  arrows).  Such  oocytes  have  entered  the 
diakinesis  stage  of  the  first  meiotic  prophase.  The  diakinesis  chromosomes  are 
short,  basophilic  structures  located  at  the  periphery  of  the  nucleus ;  one  of  them  is 
typically  associated  with  the  nucleolus.  Elsewhere  in  the  nucleus,  the  nucleoplasm 
consists  of  flocculent  material. 

The  oocyte  nucleolus  also  begins  disproportional  swelling  after  mid  September 
(Fig.  18B).  The  swelling  is  significant,  since  the  confidence  limits  of  the  following 
regression  lines  do  not  overlap:  y  ;=  0.038x  +  4.09  (15  September)  ;  y  ;=  0.002x  + 
11.85  (24  September)  ;  and  y  :=0.018x  +  13.31  (2  October).  By  2  October,  the 
shape  of  each  nucleolus  has  become  slightly  ovoid  (Fig.  12),  but  not  as  conspicously 
so  as  some  of  the  nucleoli  in  the  figures  of  Dan  and  Dan  (1941a).  Structurally, 
the  nucleolus  no  longer  consists  of  a  core  surrounded  concentrically  by  a  thin  cor- 
tex. Instead,  the  former  core,  identifiable  by  its  affinity  for  alcian  blue  (Fig.  15), 
is  now  located  at  one  side  of  the  nucleolus ;  the  core  material  remains  basophilic 
and  still  stains  with  mercuric  bromphenol  blue.  The  remainder  of  the  nucleolus 
probably  corresponds  to  the  former  cortex ;  however,  this  presumed  cortical  ma- 
terial, in  comparison  to  the  former  cortex,  is  much  less  basophilic,  but  stains  more 
intensely  with  mercuric  bromphenol  blue.  Some,  but  not  all,  of  the  nucleoli  at 
this  stage  contain  one  or  several  nucleolar  vacuoles  (Fig.  15). 
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FIGURE  18.  (A)  The  growth  of  the  nucleus  relative  to  the  size  of  the  post-pachytene 
oocyte;  (B)  the  growth  of  the  nucleolus  relative  to  the  size  of  the  post-pachytene  oocyte.  In  both 
graphs,  the  filled  circles  are  diameters  measured  from  specimens  collected  from  14  December 
1972  through  15  September  1973:  the  open  circles  are  diameters  measured  from  specimens  col- 
lected on  24  September  1973 ;  and  the  crosses  are  diameters  measured  from  specimens  collected 
on  2  October  1973.  The  regression  lines  and  95%  confidence  limits  have  been  calculated  ac- 
cording to  Sokal  and  Rholf  (1965,  chapter  14). 

The  cortical  granules,  from  15  September  through  2  October,  are  located  just 
beneath  the  plasma  membrane  of  the  oocyte  (Fig.  11).  Their  absence  from  deeper 
regions  of  the  cytoplasm  presumably  reflects  the  cessation  of  cortical  granule  pro- 
duction by  mid  September. 

Annulate  lamellae  were  present  in  the  oocyte  cytoplasm  of  one  female  collected 
on  27  September.  By  light  microscopy,  annulate  lamellae  (which  were  identified 
as  such  by  our  unpublished  electron  microscopy)  appear  in  the  cytoplasm  as  baso- 
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philic  patches  ranging  from  about  3  /u  to  15  /A  in  average  diameter  (Fig.  12). 
In  oocytes  of  one  female  of  27  September,  some  annulate  lamellae  were  closely  as- 
sociated with  the  edge  of  the  nuclear  envelope,  possibly  being  elaborated  there.  In 
the  collections  of  30  September  and  2  October,  annulate  lamellae  were  present  in 
the  oocytes  of  two  and  four  females  respectively  (Fig.  19). 

Extracellular  jelly  appeared  around  the  oocytes  of  most  females  in  the  popula- 
tion during  the  third  week  of  September  1973  (Fig.  19),  apparently  regardless  of 
whether  the  females  were  destined  to  spawn  in  the  first  or  the  third  week  of 
October.  Within  a  given  ovary,  all  the  oocytes  became  surrounded  by  jelly  almost 
simultaneously  in  the  context  of  the  whole  course  of  oogenesis;  actually,  the  smallest 
oocytes  tended  to  become  surrounded  by  jelly  a  few  hours  or  days  after  the  larger 
oocytes. 

The  extracellular  jelly,  when  it  first  appeared,  was  a  layer  about  7  /A  thick  be- 
tween the  plasma  membrane  and  the  chorion.  This  layer  (Fig.  13,  arrow)  was 
an  unbroken  sheet  of  homogeneous  material,  often  limited  to  the  oocyte  hemisphere 
nearest  the  ovarian  lumen.  This  jelly  stained  intensely  with  PAS,  but  remained 
unstained  by  azure  A  and  alcian  blue ;  thus  neutral  mucopolysaccharide  was  present, 
but  acid  mucopolysaccharide  was  undetectable  at  this  stage.  A  strong  reaction 
with  mercuric  bromphenol  blue  indicated  that  protein  was  also  present.  The  origin 
of  the  extracellular  jelly  is  not  known  with  certainty;  however,  it  seems  likely 
that  most  or  all  of  the  jelly  is  produced  intracellularly  and  secreted  by  the  oocyte 
itself. 

The  formerly  smooth  oocyte  surface  became  dented  (Fig.  19)  a  few  days  after 
the  advent  of  the  extracellular  jelly,  at  least  in  those  females  destined  to  spawn  in 
the  first  week  of  October.  Within  a  given  ovary,  all  the  oocytes  became  dented 
within  a  relatively  short  time  of  one  another  (perhaps  within  hours  or,  at  most,  a 
few  days).  Denting  began  with  the  appearance  of  hundreds  of  pits  in  the  oocyte 
surface  (Fig.  11).  The  diameter  of  each  pit  was  roughly  15  /A  to  20  /A  and  the 
depth  was  about  10  /A  (Figs.  14  and  15).  Such  pits  were  never  widely  scattered 
over  the  oocyte  surface ;  instead  they  were  almost  contiguous,  as  can  be  seen  from 
the  tangentially  sectioned  oocyte  at  the  bottom  right  in  Fig.  11.  In  some  oocytes  of 
24  September,  the  pits  were  relatively  shallow  and  had  presumably  just  been  formed. 
Occasionally,  an  oocyte  was  seen  with  one  smooth  hemisphere  and  one  shallowly 
pitted  hemisphere;  this  pattern  indicates  that  denting  might  start  at  one  point  on 
the  surface  and  spread  from  there.  The  cytoplasmic  fibers  (Fig.  11,  arrow), 
which  are  present  as  denting  begins,  vanish  shortly  thereafter ;  it  is  not  known 
if  they  play  a  role  in  surface  denting. 

For  a  given  oocyte,  the  advent  of  the  dented  surface  was  closely  correlated 
with  the  breaking  up  of  the  extracellular  jelly  into  numerous  isolated  spheres, 
each  about  10  /A  in  diameter  (Fig.  14).  The  histochemistry  of  most  of  these 
spheres  resembled  that  of  the  jelly  layer  of  smooth  oocytes ;  neutral  mucopoly- 
saccharide and  protein  were  conspicuous  components,  but  no  acid  mucopolysac- 
charide was  detectable.  It  is  not  known  with  certainty  whether  the  jelly  spheres 
caused  denting  or  the  denting  caused  jelly  spheres.  To  picture  the  first  possibility, 

FIGURE  19.  The  size-frequency  structure  of  the  post-pachytene  oocytes  of  each  female 
collected  from  15  September  1973  through  2  October  1973;  frequency  polygons  of  females 
having  annulate  lamellae  in  their  oocytes  have  been  labeled  AL. 
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one  could  imagine  that  the  jelly  layer  surrounding  a  smooth  oocyte  spontaneously 
broke  into  numerous  jelly  spheres,  and  that  the  oocyte  cytoplasm  then  intruded 
into  the  spaces  between  them.  To  picture  the  second  possibility,  one  could 
imagine  that  the  jelly  layer  surrounding  a  smooth  oocyte  was  divided  into 
numerous  jelly  spheres  by  cytoplasmic  ridges  actively  elevating  from  the  oocyte 
surface.  The  second  possibility,  that  denting  causes  jelly  spheres,  is  the  more 
likely,  since  a  dented  area  of  oocyte  surface  may  occasionally  be  overlain  by  an 
unbroken  jelly  layer.  One  additional  mode  of  jelly  sphere  formation  might  be 
the  secretion  of  jelly  into  a  pre-existing  pit  after  denting  has  been  completed. 

The  jelly  spheres,  soon  after  being  formed,  undergo  further  morphological  and 
histochemical  transformation.  Each  sphere,  which  consists  of  relatively  homo- 
geneous material  (Fig.  14,  arrows)  appears  to  be  converted  into  a  condensed 
clump  of  relatively  fibrous  material  (Fig.  15,  arrows).  These  fibrous  jelly 
clumps  stain  intensely  with  alcian  blue,  but  do  not  stain  with  PAS  or  azure  A ; 
such  histochemical  properties  define  a  nonsulfated  acid  mucopolysaccharide  (Spicer, 
1963).  Mercuric  bromphenol  blue  fails  to  stain  the  jelly  clumps,  indicating  that 
protein  is  absent  or  masked  from  reacting  with  the  stain.  A  given  pit  may 
sometimes  contain  both  clump  and  sphere  material ;  in  such  cases,  the  clump 
material  is  always  located  nearest  the  bottom  of  the  pit.  Each  jelly  clump  is 
probably  produced  by  an  extracellular  conversion  of  the  jelly  sphere's  neutral 
mucopolysaccharide  to  nonsulfated  acid  mucopolysaccharide,  perhaps  under  the 
influence  of  enzymes  released  from  the  oocyte. 

From  Figure  19,  it  is  reasonable  to  assume  that  most  of  the  females  which 
failed  to  spawn  on  2,  3  and  4  October  had  smooth  oocytes  with  extracellular 
jelly.  Such  oocytes  were  still  present  in  the  eight  unspawned  females  collected 
on  7  October.  Of  seven  unspawned  females  collected  on  1 1  October,  four  had 
smooth  oocytes  with  extracellular  jelly,  and  three  had  dented  oocytes  with  extra- 
cellular jelly.  Thus  the  oocytes  of  the  unspawned  females  were  apparently  be- 
coming dented  about  a  week  before  the  spawnings  of  17  and  18  October.  It 
is  probable,  therefore,  that  oocytes  become  dented  a  week  before  spawning,  regard- 
less of  whether  spawning  took  place  in  the  first  or  in  the  third  week  of  October. 
Other  oocyte  development  dependent  on  the  time  before  spawning  might  be  the 
production  of  annulate  lamellae  and  the  appearance  of  diakinesis  chromosomes 
(unfortunately,  these  phenomena  were  not  studied  just  prior  to  the  spawnings  of 
the  third  week  of  October). 

In  the  hours  leading  up  to  spawning,  ovulation  occurs,  and  the  oocytes  mature 
into  ova;  these  phenomena  will  only  be  summarized  here,  since  they  are  more 
appropriately  demonstrated  by  electron  microscopy  (Holland,  unpublished  ob- 
servations) than  by  light  microscopy.  At  ovulation,  the  oocytes  squeeze  between 
the  non-germinal  cells  of  the  inner  layer  of  the  ovary  and  enter  the  lumen.  In 
the  ovarian  lumen,  the  oocytes  quickly  pass  through  the  two  meiotic  divisions 
and  become  ova.  Soon  thereafter,  the  ova  are  expelled  from  the  lumen  through  a 
simultaneous  rupture  of  the  gonadal  wall  and  the  lateral  body  wall  of  the  pinnule. 

The  cytology  of  the  inner  layer  of  the  on/ry  soon  after  spawning;  the  phagocytic 
stage 

At  ovulation,  as  the  oocytes  pass  from  the  inner  layer  to  the  lumen,  the  chorions 
of  the  oocytes  are  left  behind,  much  collapsed  and  thickened,  as  a  part  of  the  inner 


CRINOID  REPRODUCTION  237 

layer  of  the  ovary  (Fig.  16,  arrows).  The  collapsed  chorions  are  histochemically 
the  same  as  the  ones  that  surrounded  the  unovulated  oocytes.  In  the  days  after 
spawning,  one  can  see  that  the  collapsed  chorions  are  continuous  with  a  basal 
lamina  underlying  the  non-germinal  cells  of  the  inner  layer  of  the  ovary.  Pre- 
sumably, this  basal  lamina  is  always  present,  but  is  too  thin  during  much  of  the 
year  to  be  demonstrable  by  light  microscopy.  Collapsed  chorions  can  be  recog- 
nized in  the  ovaries  for  several  weeks  after  spawning,  but  then  disappear,  probably 
by  destruction  in  situ  by  non-germinal  cells  of  the  inner  layer  or  intermediate  layer. 
Most  spawned  ovaries  retain  about  a  dozen  oocytes  and  ova ;  the  un spawned 
oocytes  remain  a  part  of  the  inner  layer,  and  the  unspawned  ova  remain  free  in 
the  ovarian  lumen.  Within  a  few  weeks  after  spawning,  all  unspawned  germinal 
cells  have  broken  down,  and  their  remains  have  been  taken  up  phagocytically  by 
the  non-germinal  cells  of  the  inner  layer.  During  this  phagocytic  stage,  these  non- 
germinal  cells  range  in  shape  from  cuboidal  to  low  columnar. 

The  cytology  of  the  inner  layer  of  the  testis  until  spawning 

The  testes,  after  spawning,  pass  through  a  phagocytic  stage  (described  below) 
and  an  unsexable  stage  (which  has  already  been  described)  .  By  mid  December, 
the  unsexable  stage  ends,  and  the  testes  become  unequivocally  recognizable,  since 
definitive  spermatogonia  are  present  along  with  non-germinal  cells  in  the  inner 
layer.  Definitive  speratogonia,  while  generally  resembling  gonial  cells  of  un- 
sexable animals,  are  characterized  by  the  presence  of  small  cytoplasmic  granules. 
Such  granules,  which  range  in  diameter  from  about  0.5  //,  to  1.5  //.,  stain  moderately 
with  PAS,  weakly  with  mercuric  bromphenol  blue  and  not  at  all  with  azure  A 
or  alcian  blue.  Comparable  granules  have  never  been  reported  in  the  sperma- 
togonia of  other  echinoderms. 

Throughout  the  winter,  spring  and  early  summer,  the  spermatogonia  divide 
mitotically  without  differentiating  into  more  advanced  germinal  cells.  During  this 
part  of  the  annual  reproductive  cycle,  as  already  mentioned,  the  maximum  mean 
cell  cycle  time  of  the  spermatogonia  is  35  days.  As  a  result  of  this  cell  division, 
the  inner  layer  of  the  testis  becomes  about  eight  spermatogonia  thick  by  1  July. 
A  few  of  the  spermatogonia  are  about  twice  the  size  of  the  others ;  these  larger 
cells  might  be  about  to  enter  mitosis.  The  testis  of  C.  faponica  might  contain 
both  multiplying  spermatogonia  and  terminal  spermatogonia  (in  the  terminology 
of  Giese  and  Pearse,  1974)  ;  however,  these  two  cell  varieties  are  indistinguishable 
by  morphological  criteria.  Some  non-germinal  cells  probably  continue  to  be  pres- 
ent in  the  inner  layer,  but  we  could  not  find  them  among  the  abundant  sper- 


matogonia. 


By  the  collection  of  4  August,  the  spermatogonia  have  begun  to  differentiate 
into  more  advanced  germinal  cell  types  (Fig.  17).  The  inner  layer  of  the  testis 
now  includes  spermatogonia,  spermatocytes  (presumably  both  primary  and 
secondary),  and  spermatids,  while  the  testicular  lumen  contains  some  spermatozoa. 
Thus,  the  cytodifferentiative  sequence  from  spermatogonium  to  spermatozoa  is 
completed  in  a  month  at  the  most.  In  the  testis  of  C.  faponica,  the  spermatocytes 
occupy  the  more  luminal  parts  of  the  inner  layer  and  appear  as  densely  basophilic 
nuclei  about  4  /JL  in  diameter  surrounded  by  clear  cytoplasm  (Fig.  17.  twin  arrow). 
The  spermatocytes  are  often  seen  in  meiotic  divisions.  The  spermatids,  which 
occur  right  next  to  the  lumen,  appear  as  dense  nuclei  about  2.5  /x  in  diameter 
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(Fig.   17,  single  arrow).     In  the  testicular  lumen,  the  heads  of  the  spermatozoa 
are  dense,  basophilic  spheres  just  under  2  /x  in  diameter. 

Spermatogonial  differentiation  continues  throughout  August,  September  and 
early  October;  thus,  at  spawning,  the  first-produced  spermatozoon  is  roughly  ten 
weeks  older  than  the  last-produced  spermatozoon.  Shortly  before  spawning  in 
October,  the  inner  layer  of  the  testis  consists  mainly  of  spermatocytes  and  sperma- 
tids,  and  spermatogonia  are  much  less  abundant  than  earlier  in  the  summer. 
Apparently,  the  rate  of  spermatogonial  differentiation  has  become  far  greater 
than  the  rate  of  spermatogonial  division,  and  the  cell  population  has,  therefore, 
been  depleted. 

The  cytology  of  the  inner  layer  of  the  testis  soon  after  spawning;  the  phagocytic 
stage 

When  males  spawn,  the  cells  expelled  from  the  testis  apparently  include  not 
only  spermatozoa,  but  also  many  of  the  less  advanced  germinal  cells  of  the  inner 
layer  (Fig.  IB).  After  spawning,  the  testis  invariably  retains  some  spermatozoa 
in  the  lumen.  During  the  next  few  weeks,  non-germinal  cells  become  conspicuous 
in  the  inner  layer ;  they  appear  to  engulf  spermatozoa  from  the  lumen  and  prob- 
ably also  engulf  the  less  advanced  germinal  cells  remaining  in  the  inner  layer. 
After  a  few  weeks  of  phagocytosis,  no  germinal  cells  of  any  kind,  not  even 
spermatogonia,  can  be  found  in  the  testis. 

DISCUSSION 

In  November,  gonial  cells  first  appear  in  the  gonads  of  Comanthus  japonica. 
This  event,  which  establishes  a  rough  gametogenic  synchrony  among  the  individual 
animals  of  the  population,  is  probably  initiated  in  both  sexes  by  an  environmental 
signal  dependent  on  the  time  of  year  (perhaps  shortening  photoperiod  or  falling 
sea  temperature).  Unfortunately,  it  is  not  presently  known  whether  the  advent 
of  the  gonial  cells  is  a  matter  of  cell  migration  or  cell  differentiation.  The  gonial 
cells  might  migrate  into  the  gonad  from  elsewhere  in  the  animal  (as  proposed  by 
Hamann,  1888,  p.  83),  or  they  might  differentiate  in  situ  from  non-germinal  cells 
of  the  inner  layer  of  the  gonad.  In  the  testes,  spermatogonia  divide  mitotically 
throughout  the  winter,  spring  and  early  summer  without  entering  meiosis  (i.e., 
differentiating  into  spermatocytes).  The  deveolpmental  block  between  sper- 
matogonia and  spermatocytes  is  not  overcome  until  July.  August  and  September. 
In  the  ovaries,  by  contrast,  the  oogonia  undergo  relatively  little  mitotic  division 
and  soon  enter  meiosis  (i.e.,  differentiate  into  oocytes).  This  differentiation  con- 
tinues through  the  winter  until  mid  February,  by  which  time  the  supply  of 
oogonia  apparently  becomes  exhausted.  Because  male  and  female  germ  cells  do 
not  follow  parallel  courses  after  the  gonial  cells  have  appeared,  it  is  reasonable 
to  assume  that  one  set  of  controls  operates  in  males  and  another  operates  in 
females  during  much  of  the  year. 

Oocyte  cytology  depends  on  cell  size  throughout  the  winter,  spring  and  sum- 
mer; moreover,  there  is  neither  a  suspension  of  oocyte  growth  nor  a  sudden  in- 
crease in  the  instaneous  relative  growth  rate.  These  characteristics  indicate  that 
much  of  oocyte  growth  is  autodifferentiative  (in  the  sense  of  Charniaux- Cotton, 
1973).  Then,  from  late  September  until  spawning  in  October,  oocyte  cytology 
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no  longer  depends  on  cell  size;  instead,  all  the  oocytes  in  a  given  ovary  begin  to 
differentiate  almost  simultaneously,  in  spite  of  the  80  ^  range  in  their  diameters. 
Such  a  response  pattern  is  a  good  indication  that  environmental  signals  are  acting 
on  the  entire  cell  population  via  nervous  and  endocrine  mechanisms.  Unfortu- 
nately, nothing  definite  is  presently  known  about  reproductive  endocrinology  in 
crinoids.  A  study  of  the  reproductive  endocrinology  of  C.  japonica  would  be  of 
special  interest  because  of  the  high  degree  of  spawning  synchrony  in  this  species. 

On  the  day  of  spawning  each  year,  a  large  female  specimen  of  C.  japonica 
emits  a  total  of  about  two  million  ova.  In  making  this  calculation,  we  ignored 
the  few  unspawned  ovaries  that  can  usually  be  found  scattered  at  random  among 
the  spawned  ovaries  after  the  ova  have  been  emitted  (Dan  and  Dan,  1941b)  ; 
we  also  ignored  the  dozen  or  so  gametes  remaining  in  each  spawned  ovary.  In 
spite  of  these  sources  of  error,  the  fecundity  of  a  female  can  be  determined  for 
C.  japonica  far  more  accurately  than  for  most  other  animals  broadcasting  large 
numbers  of  eggs  into  the  sea  water.  Under  good  laboratory  conditions,  nearly 
all  the  spawned  ova  are  fertilizable,  in  spite  of  the  wide  range  in  cell  diameters. 
It  is  not  presently  known  if  the  size  of  a  zygote  at  the  start  of  development  ulti- 
mately influences  the  individual's  chance  of  survival  during  the  subsequent  life 
history. 

Within  a  few  minutes  after  fertilization,  the  zygote  of  C.  japonica  becomes 
surrounded  by  an  elaborate  fertilization  membrane,  which  has  been  described  by 
Holland  and  Jespersen  (1973).  The  pattern  of  ridges  on  the  outer  surface  of 
the  fertilization  membrane  is  very  reminiscent  of  the  surface  topography  of  the 
dented  oocyte.  There  can  be  little  doubt  that  the  oocyte  surface  is  a  template 
that  somehow  imposes  its  form  on  the  fertilization  membrane.  The  details  of  how 
the  surface  pattern  is  transferred  during  fertilization  and  the  cortical  reaction  have 
yet  to  be  elucidated. 


The  present  investigation  was  made  possible  by  the  cordial  hospitality  of 
Director  Hideshi  Kobayashi  and  the  staff  of  the  Misaki  Marine  Biological  Sta- 
tion of  the  University  of  Tokyo.  Special  thanks  are  due  to  Mrs.  Linda  Holland 
for  doing  our  statistics  and  to  Dr.  Shonan  Amemiya,  Dr.  Bo  Fernholm  and 
Dr.  Tomoyuki  Ichikawa  for  helping  us  to  collect  and  make  field  observations. 
Our  paper  was  greatly  improved  by  the  critical  readings  of  Professor  R.  B.  Clark. 
Dr.  P.  J.  W.  Olive  and  Dr.  J.  S."  Pearse. 

SUMMARY 

1.  Periodic  sampling  of  a  Japanese  population   of  an   unstalked  crinoid.    Co- 
manthus  japonica,  demonstrated  an  annual  reproductive  cycle  delimited  by  spawn- 
ing in  October. 

2.  In  both  sexes,  the  first  weeks  after  spawning  were  a  time  of  phagocytosis 
of  unspawned  germinal  cells  by  non-germinal  cells  of  the  inner  layer  of  the  gonad. 

3.  In  November,  gonial  cells  made  their  appearance  in  the  inner  layer  of  the 
gonad,  which  was  unsexable  for  several  weeks. 

4.  In  females,  during  the  latter  part  of  November,  oogonia  began  differentiat- 
ing into  oocytes  and  continued  to  do  so  until  mid  February;  this  resulted  in  an 
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oocyte  population  in  which  the  largest  cells  were  three  months  older  than  the 
smallest  cells. 

5.  During  the  winter,  spring  and  summer,  the  oocyte  population  grew  as  a 
single  generation  until  spawning  in  October ;  although  there  was  some  tendency 
for  the  smaller  oocytes  to  catch  up  with  the  larger  ones,  oocyte  diameters  ranged 
from  about  145  ^  to  225  /x  on  the  day  of  spawning.     The  instantaneous  relative 
growth  rates  of  all  oocytes  were  high  at  first  and   then   decreased   during  later 
growth. 

6.  In  each  ovary,  at  least  two  to  three  times  as  many  oocytes  were  initially 
produced  as  were  finally  present  just  before  spawning;   a  large  female  emitted 
about  two  million  gametes  on  the  day  of  spawning  each  year. 

7.  Prior  to  late  September,  oocyte  morphology  depended  on  oocyte  size.     The 
following  changes  occurred  at  the  following  oocyte  diameters ;  yolk  granule  syn- 
thesis started  at    12  //, ;   the  diplotene  chromosomes   disappeared   at    100  /x;   and 
cortical  granule  synthesis  started  at  115  p.. 

8.  From  late  September  to  spawning  in  October,  all  the  oocytes  in  an  ovary 
began  to  differentiate  almost  simultaneously,   irrespective  of  their   size.      During 
this  short  period,  the  nucleus  and  nucleolus  swelled  conspicuously,   extracellular 
jelly  appeared,  and  the  oocyte  surface  became  dented  with  hundreds  of  pits,  each 
about   10  p.  deep.     Finally,   several  days  before  spawning,  annulate  lamellae  ap- 
peared in  the  cytoplasm,  and  diakinesis  chromosomes  appeared  in  the  nucleus. 

9.  In   males,   the   spermatogonia   divided   mitotically   throughout   the   winter, 
spring  and  early  summer  without  differentiating  into  more  advanced  germinal  cell 
types;  during  this  period,  the  maximum  mean  cell  cycle  time  was  about  35  days. 
Subsequently,  from  mid  summer  through  spawning  in  October,  the  spermatogonia 
differentiated,  via  spermatocytes  and  spermatids,  into  spermatozoa. 
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A  COMPARATIVE  STUDY  OF  THE  HARD  CLAM  GONAD 
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University   of  Dchnmrc,   College   of  Marine  Studies,  Field  Station,  Lewes,   Dclaivare   19958 

The  reproductive  physiology  of  molluscs  is  of  special  interest  due  to  their  im- 
portance as  food  for  man.  A  thorough  knowledge  of  reproductive  cycles  is  neces- 
sary for  predicting  annual  recruitment,  interpreting  growth,  mortality,  and  survival 
data,  and  in  the  mariculture  of  these  species.  A  number  of  studies  on  the  gonadal 
development  of  marine  invertebrates  have  been  conducted  (Giese,  1959).  Ansell 
(1963,  1964,  1968),  Ansell  and  Loosmore  (1963),  Ansell,  Lander,  Coughlan,  and 
Loosmore  (1964),  Ansell,  Loosmore,  and  Lander,  (1964),  and  Ansell  and  Lander 
(1967)  performed  extensive  work  on  the  reproduction,  spawning,  and  growth  of 
diehard  clam,  Mercenaries  mcrcenaria  (Linne),  in  England.  Shaw  (1964,  1965) 
and  Ropes  and  Stickney  (1965)  characterized  the  gonadal  cycle  of  the  soft 
clam,  Mya  arcnaria  (Linne).  Calabrese  (1970)  described  the  developmental  cycle 
in  the  coot  clam,  Mulinia  lateralis  (Say),  in  Long  Island  Sound. 

A  study  of  the  gonadal  cycle  of  Mcrcenaria  mcrcenaria  was  undertaken  as  a 
subproject  of  a  comprehensive  resource  survey  in  Delaware  Bay  to  determine  if 
spawning  was  occurring  and  to  what  degree,  to  ascertain  whether  male  and  female 
cycles  were  synchronized,  and  to  compare  reproductive  cycles  of  clams  from  dif- 
ferent geographic  regions  as  evidence  for  physiological  races.  Loosanoff  (1937a) 
and  Porter  (1964)  studied  the  gonadal  cycles  of  hard  clams  in  Long  Island  Sound 
and  North  Carolina,  respectively.  Environmental  differences  produced  different 
physiological  responses  in  respect  to  timing  of  development  and  developmental 
pattern.  Porter  (1964)  suggested  that  the  differences  were  a  possible  expression 
of  physiological  races  caused  by  phenotypic  response  to  environmental  factors. 
This  phenomenon  is  well  known  in  marine  organisms  and  is  particularly  well 
documented  in  the  American  oyster  (Galtsoff,  1964). 

MATERIALS  AND  METHODS 

Twenty  hard  clams  were  collected  monthly  for  34  months  (January  1971 
through  October  1973)  from  each  of  two  areas  in  Delaware  Bay.  Area  1,  referred 
to  as  Delaware  Bay,  is  located  approximately  2.7  km  northeast  of  the  mouth  of 
Roosevelt  Inlet  (Coast  and  Geodetic  Survey  1218).  The  area  is  characterized  by 
a  soft  mud  (40-80%  silt-clay)  bottom  and  is  approximately  3—4.5  m  deep  at  mean 
low  water.  The  clams  in  this  area  were  obtained  by  dredging  with  a  standard 
oyster  scrape.  Area  2,  the  Henlopen  intertidal  flat,  is  located  near  the  mouth  of 
Delaware  Bay  inside  Cape  Henlopen.  The  area  is  characterized  by  a  hard  sand 
bottom  (5-10%  silt-clay).  These  clams  were  obtained  by  hand-raking  during 
periods  of  low  tide.  All  clams  were  returned  to  the  laboratory  and  stored  dry  in 

1  Contribution    No.    96,    University    of    Delaware,    College    of    Marine    Studies. 

243 


244 


KECK.  MAURKR  AND  LIND 


a  cool  VIM »in  at  approximately  15°   C.     In  all  cases  tissue  samples  were  removed 
within  24  hours  of  the  collection  in  the  field. 

Water  temperatures  in  these  areas  are  influenced  by  both  season  and  tide. 
During  the  summer  months,  temperature  falls  on  the  Hood  tide  and  rises  on  the 
ebb  tifle.  This  condition  is  reversed  in  winter  when  the  average  change  during 
each  tidal  cycle  is  approximately  3°  C  (  DeWitt,  1')(>X).  Mean  monthly  water 
temperatures  tor  lower  Delaware  P>ay  with  ranges  excluding  those  extremes 
that  occur  in  less  than  1  (/(  of  the  data  compiled  from  15 rower,  Sisk,  and  Quayle 
(1(>72)  appear  in  Figure  1.  Temperature  data  from  S.  (  i.  Landers,  (personal 
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communication,  National  Marine  Fisheries  Service  Laboratory.  Milford,  Con- 
necticut) and  I'orter  (ll'4())  are  included  in  l;igure  1  to  contrast  the  different 
physical  regimes  in  the  areas  for  which  gonadal  data  are  compared  later  in  the  text. 
A  1  cm'-'  sample  of  mantle,  gonad.  and  underlying  digestive  gland  was  removed 
trom  each  ot  the  20  clams  and  placer]  in  I'.ouin's  fixative  for  at  least  4S  hours. 
The  tissue  samples  were  remoyed  from  the  area  located  at  the  midpoint  of  a 
horizontal  line  connecting  the  anterior  and  posterior  adductor  muscles.  Tissues 
were  then  prepared  for  cutting  bv  dehydration  in  alcohol,  clearing  in  xylene.  and 
embedding  in  paraffin  (  Mumason.  l')(>7).  (  ionadal  tissue  was  sectioned  at  10  /'in 
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and  stained  with  Harris'  or  Delafield's  hematoxylin  and  counter-stained  with 
t-osin  V.  Sections  were  examined  under  a  light  microscope  and  classified  by  the 
developmental  stage. 

To  quantify  the  stage  of  development  of  the  gonacls.  the  size  and  number  of 
ova  in  20  random  sections  of  tissue  0.2  mm-  on  each  female  slide  were  measured 
and  counted.  Although  the  size  of  an  egg  depends  on  the  level  at  which  it  is  cut. 
the  average  size  based  on  large  numbers  of  measurements  accurately  indicates  stage 
of  development.  The  point  area  method  was  used  to  analyze  male  slides  (  Ivantsch, 
1970).  Male  gonacls  were  projected  onto  graph  paper  and  traced  to  determine 
the  percentage  of  the  lumen  filled  with  radiating  bands  of  spermatids  or  sperma- 
tozoa. 

Photomicrographs  of  representative  stages  of  gametogenesis  were  taken  with 
a  light  microscope  at  X  100  magnification  using  a  standard  camera  adapter  and 
Xikormat  camera.  A  fine  grain,  high  contrast  film.  1 'anatomic  X,  ASA32. 
was  used. 

REST  [/rs 
Developmental  stages    oj  the  male 

The  following  description  of  the  male  and  female  developmental  stages  is  based 
upon  our  observations  and  criteria  compiled  from  Ropes  and  Sticknev  (19(>5). 
Porter  (19(>4).  and  Loosanoff  (1937a).  The  individual  stages  define  qualitative 
criteria  describing  the  continuous  process  of  change  occurring  in  cells  and  tissues 
during  the  maturation  of  gonad.  Because  the  terminology  for  the  indifferent 
phase  presents  semantic  problems,  a  brief  definition  for  both  male  and  female 
stages  is  as  follows:  although  the  term  indifferent  has  been  applied  to  specimens 
that  could  not  be  sexually  differentiated,  it  also  implies  low  levels  of  either  sperm- 
iogenic  or  ovogenic  acitivity  with  correspondingly  low  numbers  of  recognizable  sex 
cells.  The  authors  found  no  specimens  where  it  was  impossible  to  determine  sex. 
Basic  follicular  differences  appear  to  allow  differentiation  between  sexes  without 
the  presence  of  mature  sex  cells.  However,  because  inactive  implies  a  static  con- 
dition where  absolutely  no  morphological  or  biochemical  activity  is  proceeding,  the 
term  indifferent  appears  to  be  more  biologically  appropriate  to  describe  that  stage 
occurring  between  spawned  and  onset  of  new  development. 

Indifferent  or  inactive  stage.  The  follicle  was  usuallv  expanded,  and  onl\ 
rarely  compressed.  The  basal  membrane  and  follicular  cells  are  dominant  and 
follicular  cells  often  filled  the  lumen  surrounding  pycnotic  or  aberrant  cells. 
The  presence  of  these  cells  may  indicate  various  forms  of  structural  disintegra- 
tion. The  nuclear  boundary  is  obliterated  and  the  chromatin  contracts  into  deeply 
stained  irregular  masses.  The  remainder  of  the  cell  may  lose  its  staining  capacity. 
\\hen  the  follicle  was  expanded,  there  were  few,  if  any.  spermatogonia  or  spermato- 
cytes  at  the  periphery  of  the  lumen.  In  some  cases,  the  expanded  lumen  con- 
tained spermatozoa  in  random  arrangement  and  of  varying  density  (Fig.  2A). 

Developing  or  active  stage.  This  phase  included  the  entire  process  of  sper- 
matogenesis.  The  follicle  in  this  and  succeeding  stages  was  expanded.  The  basal 
membrane  and  its  attached  follicular  cells  become  less  apparent  as  development 
proceeds.  Numerous  spermatogonia  were  present  in  early  stages  near  the  periphery 
of  the  lumen.  As  development  proceeded,  spermatocytes  and  spermatids  were 
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FIGURE  2.     Male  hard  clam  developmental   stages:    (A)    indifferent;    (B)    developing; 
(C)   ripe;   (D)  partially  spawned;    (E)   totally  spawned. 
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predominant  making  it  difficult  to  see  follicular  cells  or  spermatogonia.  Toward 
the  center  of  the  lumen,  spermatids  differentiated  into  spermatozoa  arranged  in 
dense  radiating  bands  (Fig.  2B). 

Ripe  stage.  The  lumen  was  filled  with  dense  radiating  bands  of  spermatozoa. 
In  fully  ripe  individuals  approximately  95%  of  the  lumen  was  filled  with  sperma- 
tozoa. The  spermatocyte  and  spermatid  layers  were  thinner  than  in  the  developing 
stage.  The  spermatid  band  was  usually  thicker  than  the  spermatocyte  band. 
However,  in  extremely  ripe  individuals  the  spermatid  band  was  difficult  to  see 
due  to  staining  similarities  of  spermatids  and  spermatozoa  and  the  overwhelming 
abundance  of  mature  spermatozoa  (Fig.  2C). 

Spazvned  stage.  In  this  stage,  consisting  of  a  partially  spawned  or  totally 
spawned  or  spent  state,  the  spermatogenic  layer  (spermatocytes  and  spermatids) 
was  extremely  thin  or  nonexistent.  The  lumen  had  fewer  spermatozoa  than 
the  ripe  stage.  The  remaining  spermatozoa  remained  in  radiating  bands.  In 
totally  spawned  individuals  the  empty  lumen  contained  few  sex  cells.  The  remain- 
ing spermatozoa  wrere  found  near  the  edge  of  the  follicle,  and  different  amounts 
of  spermatozoa  were  randomly  arranged  in  the  center  of  the  lumen  (Figs.  2D 
and  2E). 

Developmental  stages  of  the  female 

Indifferent  or  inactive  stage.  Lumina  were  semi-contracted  and  contained  un- 
spawned  ovocytes.  Extremely  small  ovocytes  were  still  embedded  in  the  follicle 
wall  and  recognizable  due  to  the  staining  of  the  large  basophilic  nucleus.  This 
stage  was  practically  nonexistent  in  the  female  cycle  because  partially  spawned 
or  totally  spawned  individuals  start  ovogenic  activity  immediately  (Fig.  3E). 

Developing  or  active  stage.  The  developing  stage  was  characterized  by  an 
increase  in  the  number  of  ovocytes  and  size  of  existing  ovocytes.  The  degree  of 
development  \vas  determined  by  counting  and  measuring  ovocytes.  During  early 
development,  the  ovocytes  ranged  in  diameter  between  20-30  /*m ;  as  maturation 
approached,  ovocytes  varied  between  40-50  /xm  in  diameter.  The  developmental 
stage  was  also  characterized  by  thick  follicular  walls  and  cytoplasmic  inclusions 
which  may  be  nutritive  in  function.  Small  follicles,  especially  near  the  periphery 
of  the  gonadal  mass,  frequently  were  filled  with  follicular  cells.  Although  in 
later  stages  of  development  many  mature  or  ripe  ovocytes  existed,  there  was  con- 
tinuing ovogenic  avtivity  as  shown  by  the  presence  of  small  ovocytes  near  the 
periphery  of  the  follicle.  Partition  cells  were  often  seen  during  this  stage  and 
were  also  commonly  found  near  the  edges  of  the  gonadal  mass  (Figs.  3A,  3B, 
and  3D). 

Ripe  stage.  The  ripe  stage,  characterized  by  large  numbers  of  large  mature 
ovocytes  which  were  more  numerous  than  less  developed  ovocytes,  were  generally 
between  50  and  60  /mi  in  diameter.  The  follicular  wall  was  extremely  thin  and 
expanded  and  ovogenic  activity  had  practically  ceased.  The  basal  attachment  of 
the  mature  ovocytes  was  less  evident  and  most  ovocytes  appeared  to  be  free  within 
the  follicular  lumen  (Fig.  3C). 

Spait'tied  stage.  The  spawned  stage  consisted  of  two  substages,  partially  and 
totally  spawned.  Totally  spawned  females  were  rare.  The  lumen  of  the  ovarian 
follicle  generally  contained  a  few  ripe  ovocytes.  The  follicular  wall  was  semi- 
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contracted,    and    thickening   may    have   begun.      Ovogenic    activity    was    low.    but 
evidence  of  regeneration  was  usually  a])j)arent   in  s])awned  individuals   (Fig.  3E). 

Seasonal  I'arlation   of  the  f/onadal  evcle 

Quantitative  data  describing  the  male  and  female  developmental  cycles  appear 
in  Figures  4  and  5.  The  male  and  female  cycles  were  in  phase  for  both  Delaware 
Bay  and  llenlopen  clams.  The  percentage  of  lumina  filled  with  radiating  bands 
ot  spermatozoa  and  egg  size  of  females  coincided.  Peak  spawning  occurred  in  the 
month  of  August.  In  the  male,  peak  spawning  activity  was  marked  bv  the  be- 
ginning of  a  precipitous  decline  in  percentage  of  lumina  filled  with  radiating 
bands  of  spermatozoa.  In  the  female,  heavy  spawning  activity  was  represented  bv 
the  greatest  difference  between  egg  size  (large)  and  egg  number  (low).  Delaware 
Bay  clams  showed  that  increases  in  egg  size  and  egg  number  were  parallel  until 
May.  After  May.  these  data  diverged,  indicating  that  partial  spawning  occurred 
from  June  to  October.  The  egg  number  (data)  for  Delaware  Bav  clams  showed 
that  regeneration  started  in  early  August  and  that  ovogenic  activity  continued 
slowly  toward  maturity  in  May.  Henlopen  clams  showed  a  sinusoidal  pattern  in 
which  egg  size  and  egg  number  shifted.  This  pattern  appears  natural  in  that 
large  egg  size  indicates  there  should  be  fewer  eggs  per  given  unit  of  tissue  and 
small  egg  size  denotes  the  converse.  This  phenomenon  occurs  as  the  eggs  ripen 
and  the  follicular  lumina  expand.  The  shift  usually  occurred  in  May  and  October, 
which  again  reflects  the  length  of  the  spawning  season.  The  shift  also  indicated 
a  more  rapid  regeneration.  The  Henlopen  clams  produced  the  majority  of  their 
new  ovocytes  between  September  and  December.  From  December  to  May  the 
egg  number  was  relatively  constant  with  a  gradual  increase  in  size  reflecting 
maturation.  Comparison  of  egg  number  per  unit  area  for  Figures  4  and  5  showed 
that  Henlopen  clams  produced  more  eggs  per  unit  area,  while  Delaware  Bay  clams 
generally  produced  larger  eggs,  representing  a  possible  difference  in  reproductive 
potential. 

A  three-year  composite  of  qualitative  observations  reflecting  all  developmental 
data  collected  per  month  for  January  ll>71  through  October  1973  is  presented  in 
Figures  6  and  7.  Data  are  represented  as  percentage  of  individuals  in  each 
developmental  stage  per  month.  The  data  show  that  there  was  no  significant  dif- 
ference in  developmental  pattern  between  Delaware  Bay  and  I  lenlopen  clams. 
However,  males  from  both  Delaware  Bay  and  Henlopen  seemed  to  lag  behind 
females  until  late  spring  when  rapid  spermatogenic  activity  brought  the  male  and 
female  cycles  into  phase.  The  lag  is  probablv  a  result  of  the  fact  that  many 
male  clams  spend  a  period  of  time  in  the  indifferent  or  the  inactive  stage  <  tall  and 
winter  months),  while  the  females  start  regeneration  immediately. 

The  qualitative  and  quantitative  data  support  a  similar  developmental  trend. 
Spawning  activity  commenced  in  |une  and  continued  until  October  where  some 
individual  appeared  totally  spent.  Peak  spawning  activity  for  both  males  and 
females  occurred  in  August  and  September.  Females  started  ovogenic  activity 
immediately,  as  early  as  July  and  August  for  partial  spawners.  A  significant  per- 
centage of  the  males  became  indifferent  after  spawning  in  October  (  Henlopen 
mean.  4()f/<  :  Delaware  Bay  mean,  !Xr/~).  This  percentage  of  indifferent  males 
remained  relatively  constant  until  May  when  rapid  development  occurred. 
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FIGURE  4.     Quantitative  gonadal  data,  Henlopen. 
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FIGURE  5.     Quantitative  gonadal  data,  Delaware  Bay. 
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PERCENTAGE      OF     MALE     HARD    CLAMS   /    DEVELOPMENTAL     STAGE 
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6.     Percentage   of   male   hard   clams/developmental    stage    (qualitative    criteria). 


Analysis  of  the  female  developing  stage  requires  consideration  of  both  qualita- 
tive and  quantitative  data.  Developmental  stages  in  Henlopen  and  Delaware  Bay 
females  indicated  a  similar  pattern.  However,  although  both  groups  were  in  the 
developing  stage,  the  mechanism  was  different.  Henlopen  clams  regenerated  large 
numbers  of  ovocytes  rapidly,  which  slowly  increased  in  size  during  the  winter 
and  spring.  Delaware  Bay  clams  developed  slowly  in  both  size  and  number  of  ova 
for  a  long  period  of  time.  Ripe  individuals  appeared  as  early  as  December  (10% 
of  individuals).  From  January  through  April,  there  was  a  slight  increase  in  the 
percentage  of  ripe  individuals  per  month.  Between  April  and  May,  rapid  ovogenic 
activity  produced  large  numbers  of  ripe  individuals.  June  was  characterized  by 
the  greatest  percentage  of  ripe  individuals  and  the  onset  of  spawning  activity 
for  both  males  and  females. 
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PERCENTAGE    OF     FEMALE      HARD    CLAMS   /   DEVELOPMENTAL    STAGE 
(COMPOSITE   OF     3     YEARS    DATA) 
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FIGURE  7.     Percentage   of   female   hard   clams/developmental    stage    (qualitative    criteria). 


DISCUSSION 

The  data  presented  here  provide  some  similarities  and  differences  to  the  work 
of  Loosanoff  ( 1937a)  and  Porter  (1964).  Temperature  is  an  important  factor 
affecting  the  regulation  of  the  gonadal  cycle  in  a  variety  of  marine  bivalves 
(Galtsoff,  1964;  Loosanoff,  1937a.  1937b ;  Landers,  1954;  Carriker,  1961;  Ansell, 
Lander,  Coughlan,  and  Loosmore,  1964;  Calabrese,  19/0;  Giese,  1959).  The 
temperature  and  salinity  regimes  which  exist  in  Long  Island  Sound,  Delaware, 
and  North  Carolina  are  different.  However,  mean  water  temperatures  in  Dela- 
ware more  closely  resemble  mean  temperatures  in  Long  Island  Sound  than  those 
in  North  Carolina  (Fig.  1).  Local  conditions  can  drastically  affect  the  gonadal 
cycle.  Ansell,  Lander,  Coughlan,  and  Loosmore  (1964)  and  Tinsman  (1973) 
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have  shown  that  thermal  effluent  produced  premature  ripening  of  gonads  in  hard 
clams  and  oysters,  respectively.  Carriker  (1961)  showed  that  depth  of  water  and 
circulation  together  with  temperature  greatly  affect  the  onset  of  spawning  activity 
in  hard  clams.  H.  G.  Lind  (personal  communication.  University  of  Delaware) 
showed  that  temperatures  in  a  shallow  Massachusetts  salt  pond  caused  two  spawn- 
ing periods  in  the  soft  clam,  Alya  arcnana.  There  are  normally  two  spawning 
periods  south  and  one  north  of  Cape  Cod  for  soft  clams  in  estuarine  waters  (Ropes 
and  Stickney,  1965).  Landers  (1954)  suggested  that  intertidal  clams  spawned 
earlier  than  those  from  deeper  water.  Keck,  Maurer,  Daisey,  and  Sterling  (1973) 
reported  this  phenomenon  for  oysters  in  tributaries  of  the  Delaware  Bay. 

Table  I  provides  a  comparison  of  monthly  developmental  differences  among 
bivalves  studied  by  Loosanoff  (1937a),  Porter  (19(4),  and  those  under  present 
investigation.  The  spawning  period,  June  to  October,  was  similar  to  that  reported 
by  Porter  (1964)  and  the  present  study.  Loosanoff  noted  that  spawning  did  not 
occur  until  late  July  in  Long  Island  waters.  Spawning  in  males  was  more  com- 
plete than  in  females  in  all  three  areas.  The  proportion  of  totally  spawned  in- 
dividuals of  both  sexes  increased  from  south  to  north.  R.  W.  Menzel  (personal 
communication.  Florida  State  University)  states  that  field  observations  indicated 
that  M.  nicrccnaria  and  AI.  campechiensis  complete  spawning  as  early  as  April 
in  Florida  waters  and  are  much  more  difficult  to  condition  than  northern  clams. 
This  appears  to  be  linked  to  the  greater  variability  of  summer  temperatures  in 
northern  waters.  The  rate  of  temperature  change  probably  provides  a  stronger 
spawning  stimulus  than  absolute  temperature.  Normal  spawning  temperatures  are 
slightly  different  in  the  three  regions  (27-30°  C  in  North  Carolina,  Porter,  1964; 
25-27°  C  in  Delaware,  and  23-25°  C  in  Long  Island,  Loosanoff,  1937a).  Regen- 
eration of  gonadal  tissue  was  evident  as  early  as  June  in  North  Carolina  waters 
where  Porter  observed  that  a  "late  ripeness"  and  capability  to  respawn  were  evi- 
dent. Although  regeneration  was  evident  in  August  in  Delaware  bivalves,  the 
restoration  process  required  a  longer  refractory  period.  Clams  that  showed  a  high 
degree  of  ovogenic  activity  after  partial  spawning  were  those  that  appeared  ripe  in 
late  fall  and  early  winter.  Loosanoff  (1937a)  reported  that  regeneration  also 
starts  immediately  after  spawning  in  Long  Island  waters,  that  is,  during  September 
and  October. 

Extrusion  of  unspent  ova  remains  an  unexplained  phenomenon  in  this  study. 
Loosanoff  (1937a,  1^371))  reported  that  the  majority  of  unspent  ova  were  extruded 
in  a  normal  manner  by  Xovember.  Porter  (1('(>4)  reported  that  at  least  50^  of 
his  clams  retained  a  ripe  appearance  through  the  fall  and  winter.  Major  extrusion 
occurred  during  February  or  March.  In  the  present  study,  there  was  insufficient 
information  to  determine  the  time  of  extrusion.  However,  throughout  the  late  fall, 
winter,  and  springs,  partition  cells  appeared  near  the  periphery  of  the  gonadal  mass 
in  mature  individuals.  Porter  (1964)  suggested  that  cytological  destruction  may 
occur  within  the  partition  cells.  Quite  possibly,  as  suggested  by  Ansell  (1961),  the 
older  ovocytes  were  carried  over  in  partition  cells  and  redeveloped  follicles.  As 
noted  by  Loosanoff  (1937a),  the  more  complete  the  spawning,  the  more  rapid 
regeneration  begins. 

The  pattern  and  timing  of  development  differ  widely  among  clams  from  differ- 
ent geographic  areas.  Porter  (1904)  reported  major  primary  redevelopment  in 
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TABLE  I 
Comparison  of  the  sequence  of  hard  dam  gonadal  development  in  three  geographic  regions 


Comparative  developmental 
stage 

North  Carolina 
(Porter,  1964) 

Delaware 
(present  study) 

Long  Island 
(Loosanoff,  1937a) 

Partial  spawning   9   +  C? 

June 

June 

July 

Maximum  spawning 

Aug.  (27-30°  C) 

Aug.  (25-27°  C) 

Aug.  (23-25°  C) 

Length  of  spawning  season 

June-Sept. 

June-Sept. 

July-Aug. 

9  +  d1 

Regeneration   9 

[early  (summer) 

Oct.  -Dec. 

Oct.  -Dec. 

or  late  (winter)] 

Percent  remaining  ripe 

50'  f  through  Dec. 

Fate  of  unspent  ova  un- 

Extrusion com- 

+ timing  of  extrusion 

determined;  partition 

plete  by  Nov. 

cells  —  evident  Nov.— 

March 

Percent  of  individuals  in  an 

60-90% 

Approximately  40'  6  of 

Xo  indifferent 

indifferent  stage    9   +  cf 

males  —  less  than  10% 

stage 

females 

Major  period  of  develop- 

Dec. -Jan. 

Long,  slow  process  ; 

Long,  slow 

ment    9 

Oct.  -March 

process  ;  Oct.- 

March 

Major  period  of  rapid 

March 

April 

May 

gametogenic  activity 

9   +  cf 

Presence  of  follicular  cells 

Present  in  de- 

Prominent in  developing 

Absent 

veloping  stages 

stages 

Majority  of  individuals  in 

May 

May  and  June 

June 

ripe  stage   9   +  cf 

December  and  January  with  secondary  activity  in  March.  Loosanoff  (1937a, 
1937b)  described  rapid  redevelopment  in  October  through  November.  December 
through  April  marks  a  slowed  period  of  continued  maturation. 

The  present  study  provided  two  divergent  patterns  of  development.  The 
Henlopen  clams  developed  very  similarly  to  those  discussed  by  LoosanofT  (  1937a), 
but  preceding  that  timetable  by  approximately  one  month.  The  Delaware  Bay 
clams  provided  a  pattern  different  from  that  reported  by  both  Porter  and  Loosanoff. 
In  1971-1972  (Fig.  4),  female  redevelopment  started  late  in  November  and  then 
continued  with  a  slow  increase  in  size  and  number  of  eggs.  In  1972-1973,  the 
process  started  earlier,  but  the  slow  steadily  increasing  trend  was  again  apparent. 
Henlopen  clams  are  in  close  proximity  to  cooler  oceanic  water  in  the  summer  and 
warmer  oceanic  water  in  the  fall  and  winter,  and  this  may  be  responsible  for  the 
difference  in  developmental  pattern.  Male  clams  from  both  Delaware  Bay  and 
Henlopen  developed  simlarly  to  those  discussed  by  Porter.  However,  a  smaller 
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percentage  of  clams  in  Delaware  waters  were  found  in  the  indifferent  stage. 
Loosanoff  did  not  report  any  indifferent  stage  for  Long  Island  male  clams.  Vigor- 
ous spermatogenic  activity  occurred  in  March  (North  Carolina),  May  (Delaware), 
and  June  (Long  Island).  In  addition,  Long  Island  clams  showed  more  advanced 
spermatogenic  activity  in  the  fall  than  either  Delaware  or  North  Carolina  clams. 

The  presence  of  follicular  cells  of  North  Carolina  clams  and  their  absence  in 
Long  Island  clams  was  a  major  difference  noted  by  Porter  (1964).  Both  Dela- 
ware and  Henlopen  clams  contained  follicular  cells.  These  vacuolated  cells,  as 
reported  by  Porter  (1964),  appeared  in  small  follicles  near  the  periphery  of  the 
gonadal  mass.  These  cells  were  evident  in  all  tissues  categorized  as  developing 
(fall  through  spring).  Follicular  cells  were  reported  by  Ansell  (1961)  in  Venus 
striatnla  and  Ropes  and  Stickney  (1962)  in  Mya  arcnaria.  Various  functions 
such  as  nutrition  or  phagocytosis  have  been  ascribed  to  the  cells.  Because  of  their 
location  in  small  follicles,  it  is  likely  they  have  a  function  in  expansion  of  the 
developing  follicle. 

The  study  of  the  hard  clam  gonadal  cycle  in  Delaware  Bay  provides  data  from 
an  intermediate  location  to  compare  with  Loosanoff  ( 1937a)  and  Porter  (1964). 
The  data  collected  by  Loosanoff  and  Porter  had  the  advantage  of  large  number  of 
individuals  during  a  one-year  period.  The  present  study  had  fewer  samples/year, 
but  the  data  were  collected  over  a  three-year  period  and  provide  almost  complete 
coverage  through  several  cycles. 

The  clams  in  Delaware  Bay  show  gonadal  development  intermediate  between 
Long  Island  and  North  Carolina  clams.  Also,  clams  from  essentially  the  same  area 
(Delaware  Bay  and  Henlopen  tidal  flats)  displayed  divergent  developmental  pat- 
terns. These  different  gonadal  patterns  are  due  to  environmental  differences. 
Loosanoff  commented  that  the  sexual  cycle  of  the  hard  clam  was  not  in  phase  with 
other  bivalve  molluscs.  The  major  period  of  development  was  in  the  fall  as  water 
temperatures  decreased.  Recent  unpublished  studies  by  the  authors  suggest  that 
the  glycogen  cycle  for  the  clam  is  widely  different  from  that  of  the  oyster.  A  spent 
oyster  is  devoid  of  sex  products  and  generally  in  poor  condition.  The  hard  clam 
retains  a  relatively  high  proportion  of  glycogen  or  condition  index  even  after 
spawning.  The  maintenance  of  a  high  condition  level  allows  immediate  gonadal 
redevelopment  in  the  fall. 

SUMMARY 

1.  This  study  has  shown  that  hard  clam  reproductive  cycles  in  Delaware  Bay 
are  in  phase  and  that   spawning  activity  during   1971-1973   was  of  sufficient   in- 
tensity to  provide  ample  larval  stocks. 

2.  The  gonad  developmental  patterns  for  clams  in  Delaware  are  intermediate 
between  those  for  Long  Island  and  North  Carolina.     The  data  provide  supporting 
evidence  that  different  physiological  races  exist  in  the  three  areas  compared.     A 
further  test  on  the  validity  of  physiological  races  could  be  determined  by  studying 
the  developmental  patterns  of  Long  Island  and  North  Carolina  clams  held  experi- 
mentally in  Delaware  Bay. 

3.  Environmental  factors  attribute  to  subtle  differences  in  reproductive  physiol- 
ogy as  evidenced  by  the  different   mechanisms   of   regeneration   and   development 
between  Delaware  Bay  and  Henlopen  hard  clam  females. 
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COCKROACH  MOLTING.    I.  TEMPORAL  ORGANIZATION  OF 

EVENTS  DURING  MOLTING  CYCLE  OF 
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Biolni/y  Department.  Case-U'estern  Reserve  L'nirersity.  and  Zoology  Department,  I'nh-ersity 
of  Massachusetts  at  slinlierst,  Amherst,  Massachusetts  01002 

The  molting  cycle  of  insects  has  long  been  used  as  a  model  system  for  studying 
development.  Studies  on  hormonal  control  mechanisms  (Wyatt,  1972 ;  Doane, 
1973;  Willis,  1974),  pattern  formation  (Locke,  1967;  Lawrence,  1973)  and  neuro- 
nal  development  (Edwards,  1969)  have  effectively  used  the  molting  and  meta- 
morphic  cycles  of  insects  to  add  to  our  understanding  of  development.  Two  insect 
species  which  have  contributed  greatly  to  this  understanding  are  the  blood-sucking 
bug,  Rhodnlus  proli.vns  (Wiggles worth,  1934),  and  the  Cecropia  silkmoth,  Hyalo- 
phora  cccropia  (AYilliams,  1946).  One  reason  both  of  these  insects  are  particularly 
suited  for  studies  of  development  is  that  their  development  can  be  controlled  by 
extrinsic  environmental  cues  (Edwards,  1966)  allowing  them  to  be  manipulated  by 
an  experimenter.  This  paper  introduces  an  approach  to  the  study  of  cockroach 
development  using  feeding  (Kunkel,  19(>6)  and  regeneration  (O'Farrell  and  Stock, 
1953)  as  extrinsically  controllable  cues  for  regulating  the  development  of  cockroach 
cultures.  These  cultures  are  used  as  sources  of  animals  of  specified  developmental 
age  for  experimentation  (Kunkel,  1973,  1975;  Kunkel  and  Lawler,  1974).  In 
particular  this  paper  describes  a  structuring  of  the  molting  cycle  of  Blattclla  gcr- 
manica  into  two  functionally  and  experimental! v  separable  phases,  the  intermolt 
phase  and  the  molt  phase.  I  also  describe  some  simple  assays  for  landmark  events 
during  the  molting  cycle  and  establish  some  limits  of  usefulness  for  the  synchron- 
ous cultures. 

MATERIALS  AND  METHODS 

Culturing  the  German  cockroach,  Blattclla  //cniianica.  synchronously  by  con- 
trolling feeding  has  been  described  previously  (  Kunkel,  1966).  All  cultures  in  this 
study  \vere  raised  at  30°  C  in  convection  type  incubators.  A  modification  of  the 
basic  procedure,  which  saved  considerable  time  and  effort,  is  to  allow  the  B.  c/cr- 
manica  larvae  to  go  through  the  first  two  instars  with  continuous  food  availability 
without  storing  them  in  between.  Thereafter  the  larvae  are  stored  at  15°  C  without 
food  after  each  ecdysis  until  the  culture  is  ready  to  be  refed. 

The  orange  body  color  mutant,  or,  obtained  from  Dr.  Mary  Ross  of  Virginia 
Polytechnic  Institute,  allows  whole  mounts  of  the  epidermis  to  be  made — a  practice 
not  practicable  using  strains  with  the  melanised  wild  type  cuticle.  In  the  or  strain, 
the  epidermal  cells  and  developing  cuticular  structures  of  whole  mounts  can  be 
visualized  using  transmitted  light  and  phase  contrast  microscopy.  The  Feulgen 
reaction  for  DNA  was  routinely  carried  out  on  whole  mount  material  fixed  in 
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Bouins  fluid.    The  fourth  instar  was  chosen  for  making  a  detailed  temporal  map  of 
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molting  cycle  processes  because  it  is  the  last  larval  instar  in  B.  gennanica  in  which 
there  is  no  significant  sexual  effect  on  instar  length. 

Tissue  was  fixed,  embedded  and  sectioned  for  electron  microscopy  by  techniques 
described  in  Locke  (1966).  The  tonicity  and  pll  of  the  fixatives  were  adjusted 
to  300  milliosmoles  and  pH  6.5  for  B.  gcrmanica  tissue.  Gross  histological  mor- 
phology was  studied  in  1-2  micron  sections  of  glutaraldehyde,  osmium,  ethyl  gallate 
fixed  material  embedded  in  ester  wax  (Wigglesworth,  1957). 

The  processes  to  be  dealt  with  in  this  paper  can  best  be  defined  in  terms  of  their 
assays.  One  group  of  processes  can  be  called  quantal  events,  in  that  they  occur 
instantaneously  or  at  least  quickly  enough  so  that  whenever  an  observation  is  made 
on  a  sample  of  animals  from  a  synchronous  culture,  they  can  be  classified  into  two 
subsets :  the  subset,  A,  in  which  the  event  has  occurred  and  the  complementary 
subset.  A',  in  which  the  event  has  not  occurred.  The  proportion,  A/ (A'  +  A),  of 
a  sample  of  animals  which  has  passed  the  event  is  plotted  against  time.  The  time, 
T50,  \vhen  50  per  cent  of  the  culture  has  passed  the  event  can  be  estimated  graphic- 
ally using  probability  paper  or,  more  usefully,  calculated  by  probit  or  logit  analysis 
(Finney,  1C\S2)  which  also  provide  a  standard  error  of  the  T50.  The  standard 
error  allows  a  decision  to  be  made  on  the  sequence  of  the  events. 

A  more  continuous  process,  epidermal  cell  proliferation,  was  monitored  in  two 
ways.  First,  epidermal  nuclear  density  (nuclei/unit  area)  was  followed  by  pro- 
jecting Feulgen-stained  nuclei  of  the  epidermal  layer  of  whole  mounts  onto  a 
standard  area  of  graph  paper  by  means  of  a  camera  lucida,  tracing  the  epidermal 
nuclear  outlines  and  computing  nucU-ar  density.  Secondly,  the  spatial-temporal 
relationship  of  mitoses  was  established  using  colchicine  to  collect  all  mitoses  at 
metaphase  as  they  occurred.  A  preliminary  study  demonstrated  that  a  dose  of 
0.02  /Ag/nig  live  weight  (5  X  10"5  M)  causes  mitoses  to  be  arrested  at  metaphase  for 
the  next  8  hours  after  which  some  chromosomal  disintegration  becomes  evident. 
With  smaller  doses  bipolar  mitoses  start  appearing  before  eight  hours  are  up. 
Higher  doses  cause  substantial  chromosomal  disintegration  before  the  eighth  hour. 

RESULTS 

Descriptive  synopsis  oj  the  molting  cycle  events  oj  B.  germanica 

The  spatial  and  temporal  patterns  of  events  in  the  abdominal  sclerites  of  seg- 
ments 2  to  5  are  consistent  with  each  other.  Looking  at  any  one  segment  gives  a 
good  picture  of  what  is  happening  in  the  others.  Segments  6  and  7  have  a  super- 
abundance of  dermal  glands  in  their  tergite  region  (Roth  and  Stahl,  1956)  which 
makes  them  distinctly  different  from  segments  2-5.  Within  each  segment  there  is 
considerable  heterogeneity  in  mitotic  behavior  from  area  to  area.  Figure  1A  gives 
a  perspective  view  of  the  intertergite-tergite  of  the  fifth  abdominal  segment.  The 
intertergite  is  devoid  of  bristles  and  dermal  glands  whereas  the  tergite  region,  as 
visualized  in  Figure  IB,  is  pockmarked  with  evenly-spaced  dermal  glands  and 
bristles.  The  high  density  of  organules  [a  term  coined  by  Lawrence  (1966)  for 
small  organs  such  as  dermal  glands  and  bristles,  which  are  formed  of  small  groups 
of  cells]  in  the  tergite  region  makes  the  analysis  of  the  cell  types  and  cell  numbers 
for  the  tergite  difficult.  The  intertergite.  however,  is  relatively  simple ;  without  the 
large  number  of  organules,  the  intertergite  is  made  up  of  two  stratified  cell  types : 


COCKROACH  MOLTING  CYCLE  EVENTS  261 

an  apical  layer  of  generalized  epidermal  cells  responsible  for  secreting  the  cuticle, 
and  a  basal  layer  of  oenocytes,  which  are  said  to  be  terminally  differentiated  de- 
rivatives of  generalized  epidermal  cells  (Wigglesworth,  1961). 

Mitoses  start  appearing  in  the  epidermis  of  the  abdomen  twenty-four  hours  after 
feeding.  The  majority  of  mitoses  which  can  be  collected  using  colchicine  during 
this  early  phase  of  the  molting  cycle  are  found  in  the  tergite  region.  They  appear 
singly  or  in  groups  of  two  and  rarely  in  larger  clusters.  Figure  1C.  They  are 
particularly  abundant  in  the  tergite  region  of  segment  6  and  7.  the  area  rich  in 
dermal  glands  and  bristles.  Figure  1C  also  illustrates  another  feature  of  these 
early  mitoses :  they  occur  primarily  basally,  out  of  the  plane  of  the  generalized 
epidermal  cell  nuclei  in  the  plane  of  the  relatively  larger  oenocyte  nuclei.  The 
above  characteristics  identify  these  early  cell  divisions  as  organule  type  mitoses 
(Wigglesworth,  1953;  Lawrence,  1966).  Another  type  of  event  occurring  at  this 
early  time  in  apical  layers  of  both  the  tergite  and  intertergite  is  cell  death  ( Wiggles- 
worth,  1942)  as  indicated  by  pycnotic  nuclei  and  chromosomal  debris,  Figure  IE. 
These  differentiative  processes,  organule  mitoses  and  cell  death,  occur  in  a  period 
which  will  be  called  the  intermolt  phase.  The  molting  phase  is  signaled  by  the 
appearance  of  proliferative  mitoses  (cf.  Holtzer,  Weintraub,  Mayne,  and  Mochan. 
1972),  mitoses  which  generate  cells  which  will  again  produce  general  cuticle.  These 
mitoses  are  typified  by  being  evenly  distributed,  rather  than  clustered,  during 
colchicine  collection,  Figure  ID.  They  also  typically  occur  in  the  apical  plane 
along  with  the  non-mitotic  generalized  epidermal  cells  rather  than  toward  the  basal 
plane  of  the  oenocytes. 

After  mitoses  in  the  epidermis  are  no  longer  seen,  a  molting  space  becomes 
evident.  This  event  called  apolysis  (Jenkin  and  Hinton,  1966),  is  easily  seen  in 
whole  mounts  by  looking  at  the  posterior  edge  of  the  tergite  and  particularly  at  the 
innervation  of  the  thick  walled  chemoreceptor  (Slifer,  1970)  type  bristles  along  this 
border.  In  order  to  maintain  innervation  of  old  sensory  bristles  during  the  di- 
gestion and  resorption  of  the  old  cuticle,  the  distal  processes  of  sensory  neurons  are 
maintained  within  a  protective  articular  sheath,  Figures  2A,  3B,  and  3D  (Slifer, 
1970).  This  protective  sheath  issues  from  the  tip  of  the  new  bristle  and  must  be 
of  considerable  length  since  it  must  provide  enough  slack  to  allow  the  shaft  of  the 
new  bristle  to  grow  out  laterally  in  the  molting  space,  Figures  2C,  and  2D,  and 
still  maintain  innervation  of  the  old  bristle  by  the  sensory  distal  processes.  Ex- 
trusion of  these  coiled  sheaths  into  the  molting  space  delineates  the  space.  It  is 
not  known  whether  apolysis  itself  occurs  substantially  before  the  appearance  of 
these  coils.  The  coils  are  present  for  a  time  before  any  new  bristle  growth  is  evi- 
dent. 

While  a  new  bristle  shaft  is  forming  in  the  molting  space,  Figures  2B-F.  a  new 
cuticular  sheath  is  forming  about  the  distal  processes  in  the  center  of  the  new 
bristle  shaft,  Figure  3A,  and  extending  down  deep  into  the  epidermis,  Figure  3C. 
providing  a  new  slack  sheath  for  bristle  morphogenesis  of  the  subsequent  molting 
cycle.  The  end  of  superficial  bristle  morphogenesis  is  preceded  by  the  formation 
of  a  ribbing  of  the  bristle  shaft  seen  in  phase  contrast  of  whole  mounts,  Figure  2D, 
by  the  appearance  of  fibrous  rods  at  the  periphery  of  the  trichogen  cell  in  electron 
micrographs.  Figure  3A  (Lawrence,  1966;  Locke,  1966),  and  appearance  of  peri- 
pheral densities  in  Osmium-ethyl  gallate  stained  light  microscope  sections  of  bristle 
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FiCii'kE  1.  \\hdle  mounts  of  /^.  germanica  abdominal  sclcritcs,  showing:  a)  fifth  abdominal 
tergite,  t,  and  intertergite,  i;  h)  ammoniacal-silver  nitrate  stained  dermal  glands  (three  within 
square  )  and  bristle  sockets,  s;  c)  intermolt  epidermis  \vith  two  clusters  of  colchicine  collected 
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shafts,  Figure  2F.  The  mature  hristle  shaft  prior  to  ecdysis  has  a  thick  cuticle, 
Figure  2E.  During  bristle  morphogenesis  the  molting  space  is  well  formed,  Figure 
2F,  over  the  entire  epidermis  with  the  exception  of  the  muscle  attachments,  Figure 
2G.  The  muscle  attachments  to  the  old  cuticle  persist  while  the  old  endocuticle 
is  being  digested  (Lai-Fook,  1('(>7;  Caveney,  1%9),  but  release  when  substantial 
digestion  of  the  old  cuticle  is  completed,  well  before  the  actual  time  of  ecdysis. 

Quantalization  of  developmental  processes 

Some  processes  during  the  molting  cycle  are  innately  quantal  as  defined.  How- 
ever, some,  such  as  bristle  morphogenesis,  must  be  artificially  ([iiantalized  by  arbi- 
trarily defining  starting  or  end  points  which  can  be  treated  as  quantal  events.  In 
some  cases  such  as  epidermal  proliferation,  no  satisfactory  categorical  decision  can 
be  made  about  the  beginning  of  proliferation  since  it  begins  in  an  area  of  the  tergite 
which  is  confused  with  organules.  However,  a  definitive  statement  can  be  made 
about  whether  proliferation  has  ended  in  a  given  animal.  Below  are  listed  a  set 
of  operational  definitions  which  can  be  conveniently  applied  in  cockroaches  to  set 
up  a  temporal  map  of  events  during  the  molting  cycle.  The  first  three  definitions 
are  of  phenomenological  events  which  are  important  in  the  control  of  the  molting 
process  and  the  remaining  definitions  are  morphological  events  which  can  be  easily 
assayed  in  whole  mounts  or  by  superficial  inspection. 

The  head  critical  period  is  the  time  in  each  animal  after  which  the  head  is  no 
longer  necessary  to  complete  a  molting  cycle.  Animals  past  the  head  critical  period 
will  molt  even  though  their  head  is  ligated  from  their  body. 

The  prothoracic  critical  period  is  the  time  in  each  animal  after  which  the  pro- 
thorax,  containing  the  prothoracic  (ecdysial)  gland,  is  no  longer  necessary  to  com- 
plete a  molting  cycle.  Similar  to  the  above  assay,  animals  past  the  prothoracic 
critical  period  molt  even  with  a  ligature  between  the  pro-and  meso-thorax. 

The  regeneration  critical  period  is  the  time  in  each  animal  after  which  if  a  leg 
is  autotomized,  regeneration  of  the  leg  is  postponed  until  the  next  molt  (O'Farrell 
and  Stock,  1953). 

Appearance  of  protein  granules  in  the  fat  body  is  indicated  by  appearance  of 
Millon  positive  granules  in  fat  body  whole  mounts  at  the  resolution  of  the  light 
microscope. 

The  end  of  epidermal  prolijcrative  mitosis  is  the  time  in  each  animal  in  which 
scanning  of  2  entire  feulgen-stained  whole-mounted  tergites  and  intertergites  (104 
cells).  Figure  1A,  shows  no  mitotic  figures. 

Nerve  coil  appearance  in  the  molting  space  is  the  time  in  each  animal  after 
which  whole  mounts  of  the  epidermis  show  coils  of  distal  processes  of  sensory 
neurons  in  their  cuticular  sheath  in  the  molting  space.  Figure  2A. 

The  beginning  of  bristle  morphogenesis  in  the  individual  is  taken  as  the  time 
after  which  protrusions  from  the  bristle  cells  are  seen  in  the  molting  space  at  the 
posterior  edge  of  tergal  whole  mounts  observed  under  phase  contrast.  In  Figure 

mitoses,  with  oenocytes.  o,  generalized  epidermal  cells,  e :  d )  proliferative  phase  colchicine 
mitoses;  e)  feulgen  positive  pycnotic  nuclear  debris,  p;  and  f)  an  eight-hour  colchicine  collection 
of  mitoses  during  the  proliferative  phase.  The  calibration  lines  represent,  in  A,  B,  100  /j.,  and 
in  C-E,  25  /j.. 


264 


J.  G.  KUNKEL 


•>.  3^*1 

• 

**  *,    -i' "  ' 

t 


-  ,.  -  ,.-  •*»-»          ..      •    ^sp* 

O-n       m 


FIGURE  2.  Stages  in  apolysis  and  bristle  replacement.  A)  Nerve  coils  appear  farrows)  at 
apolysis.  B)  A  protuberance,  p,  is  the  first  sign  of  bristle  morphogenesis.  C)  Slack  nerve  coil 
is  available  during  new  bristle,  n,  growth,  showing  also  trichogen,  tr,  and  tormogen,  to,  cell 
nuclei.  D)  In  the  terminal  stage  of  new  bristle  elongation,  the  nerve  coil  maintains  its  con- 
nection with  the  old  bristle,  o.  E)  The  new  bristle  shows  thick  cuticle  deposition.  F)  A 
longitudinal  section  cut  through  the  posterior  edge  of  a  tergite  is  shown  from  a  stage  equivalent 
to  D  above  with  molting  space,  m,  and  undigested  old  endocuticle,  e.  G)  Another  section  is 
shown  from  the  same  animal  as  F  above,  but  with  muscle  attachment,  a.  The  calibration  lines- 
represent  in  A-E,  10  M,  and  in  F,  G,  50  /*. 
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FIGURE  3.  Ultrastructural  relationships  of  nerve  coils.  Cuticular  sheaths  (arrows)  sur- 
round distal  processes  of  sensory  neurons.  A)  Trichogen  cells,  tr,  secrete  both  the  cuticle  of 
the  bristle  shaft  and  of  the  new  sheath  about  the  distal  processes,  with  multivesicular  bodies, 
mv,  and  longitudinal  fiber  bundles,  f.  B)  In  the  mature  bristle  shaft,  s,  the  trichogen  cell  has 
receded.  The  sensory  distal  processes  inside  their  cuticular  sheath  remain.  C)  Deep  within  the 
epidermis  surrounded  by  an  accessory  cell,  ac,  a  cuticular  sheath  provides  a  reservoir  of  sheath 
for  a  subsequent  molt.  D)  Although  the  sheath  may  serve  as  protection,  destruction  *  of 
neurotubules  and  loss  of  function  may  occur  as  ecdysis  approaches  (molting  space,  m).  The 
calibration  lines  represent  in  A-D,  0.5  /u. 
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2A  bristle  morphogenesis  by  definition  has  not  begun.  Figures  2B-F  are  light 
micrographs  of  whole  mounts  of  tergites  showing  bristles  in  various  stages  of 
morphogenesis. 

The  end  of  bristle  morphogenesis  in  the  individual  has  occurred  when  the  new 
bristle  has  assumed  its  final  form  and  starts  thickening  the  shaft  cuticle.  In  Figure 
21 ).  bristle  morphogenesis  is  nearing  completion  but  shaft  thickening  has  not  begun. 
Figure  2E  shows  a  morphogenetically  complete  new  bristle,  folded  in  the  molting 
space  of  a  tergite,  with  an  obvious  thickening  of  the  shaft  cuticle. 

The  release  of  epidermal  muscle  attachments  to  the  old  cuticle  has  occurred 
when  the  old  cuticle  is  loose  and  can  be  detached  from  the  new  cuticle  at  the 
muscle  attachments,  Figure  2G.  The  assay  for  the  event  is  to  attempt  removal 
<if  the  mesonotal  tergite;  if  the  dorsal-ventral  muscle  attachments  resist  cuticle 
separation,  the  event  has  not  passed.  Figure  2F  shows  a  longitudinal  cross  section 
of  the  hind  edge  of  a  tergite  at  a  time  close  to  the  end  of  bristle  morphogenesis  as 
in  Figure  2D ;  although  a  substantial  molting  space,  is  evident,  the  abdominal 
dorsal-ventral  muscle  attachments  in  this  same  animal  have  not  yet  released,  Figure 
2G. 

Ecdysis  is  a  process  taking  20  minutes  at  29°  C  climaxing  the  molting  cycle.  It 
begins  with  the  swallowing  of  air  to  burst  the  old  cuticle.  This  initial  bursting 
of  the  cuticle  was  taken  as  the  operational  definition  of  the  event  ecdysis. 

TABLE  I 

Estimation  of  the  T:,»s  of  overlapping  sets  of  quantal  events  and  the  standard  deviation  of  departure 
from  perfect  synchrony.  Event  alihreviations  are  the  same  us  in  Figure  4. 


Set 

Event 

Sample 
number 

Tsn  ±  -standard  error 
(hours) 

Departure  from 
perfect  synchrony 

(hours) 

A 

pgfb 
rep 

20 
400 

57.9  ±  3.5 
72.4  ±  0.0 

7.0 
12.0 

B 

rep 
e 

371 
120 

68.5  ±  0.9 
124.3  ±  O.'J 

9.3 

10.2 

C 

hep 
rep 
ptcp 
e 

87 
274 
91 
35 

70.0  ±  1.8 
77.0  ±  ().') 
87.4  ±  3.0 
130.1  ±  1.9 

10.8 

8.7 
8.0 
11.8 

I) 

rep 
emit 

152 
100 

57.8  ±  2.8 
75.0  ±  1.7 

10.6 

10.8 

e 

47 

125.2  ±  1.7 

12.8 

E 

rep 
ptcp 
nms 

264 

270 
122 

02.8  ±  0.9 
08.8  ±  0.9 
00.4  ±  1.') 

9.8 
9.9 
9.0 

bmb 

122 

73.7  ±  l.o 

7.4 

lilllc 

122 

80.3  ±1.7 

10.2 

e 

169 

121.8  ±  0.7 

8.5 

F 

mar 

400 

104.2  ±  0.8 

9.9 

e 

50 

130.0  ±  1.8 

10.0 
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A  map  of  quantal  events 

Since  all  events  could  not  be  assayed  during  any  one  experiment,  overlapping 
sets  of  events  were  assayed  and  a  summary  comparison  was  computed  statistically 
according  to  Finney  (1952).  Table  I  lists  the  six  sets  of  events  with  their  T50'8 
and  associated  standard  errors.  The  table  also  lists  the  standard  deviation  of  the 
distribution  of  the  event  in  time  within  the  culture;  this  measures  the  departure 
of  the  event  from  perfect  synchrony.  The  departure  from  perfect  synchrony  is  a 
limiting  factor  in  the  usefulness  of  these  cultures  in  studying  developmental  phe- 
omnena.  The  average  departure  from  perfect  synchrony  computed  from  Table  I 
is  about  ten  hours. 

The  overlapping  sets  of  events  listed  in  Table  I  are  summarized  diagrammatic- 
ally  in  a  temporal  map,  Figure  4.  In  this  composite,  events  which  could  not  be 
distinguished  in  time  at  the  5  per  cent  level  of  significance  are  grouped  within  a 
bracket.  Thus  the  critical  period  for  the  head  is  indistinguishable  in  timing  from 
the  critical  period  for  regeneration.  Although  statistical  simultaneity  does  not 
mean  absolute  simultaneity,  this  close  association  of  the  two  phenomena  is  sug- 
gestive of  causal  relationships.  Another  group  of  events  which  are  closely  as- 
sociated with  one  another  are  the  critical  period  for  the  prothorax,  the  end  of 
epidermal  mitoses  and  the  appearance  of  nerve  coils  in  the  molting  space.  Since 
the  prothoracic  glands  are  a  source  of  ecdysone,  this  close  association  also  has 
possible  causal  significance.  Besides  pointing  out  groups  of  closely  associated 
events,  the  mapping  technique  is  useful  in  estimating  the  times  when  a  particular 
event  or  process  of  interest  is  occurring  with  maximal  frequency  in  a  culture,  for 
instance  the  map  states  that  bristle  morphogenesis  takes  approximately  ten  hours 
starting  at  78  hours  after  feeding. 
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FIGURE  4.  Temporal  map  of  quantal  events  during  the  fourth  instar  of  Blattella  germanica 
raised  at  30°  C,  showing :  bmb,  beginning  of  bristle  morphogenesis  ;  bme,  end  of  bristle  mor- 
phogenesis ;  e,  ecdysis ;  emit,  end  of  epidermal  mitosis ;  hep,  head  critical  period ;  mar,  muscle 
attachment  release;  nrns,  nerve  coils  in  the  molting  space;  pgfb,  protein  granules  in  the  fat 
body;  ptcp,  prothoracic  critical  period;  and  rep,  regeneration  critical  period. 
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Epidermal  cell  proliferation 

Since  the  beginning  of  proliferation  of  the  epidermis  could  not  be  followed 
adequately  as  a  quantal  event  it  was  decided  to  follow  the  increase  of  cell  number 
quantitatively  using  the  synchronous  cultures.  The  intertergite  region  was  used 
because  of  its  lack  of  large  numbers  of  organules.  Groups  of  ten  animals  were 
fixed  at  various  times  after  feeding,  stained  by  the  Feulgen  reaction,  and  the 
density  of  nuclei  per  unit  area  of  intertergite  measured  by  camera  Inciila.  Figure 
5  shows  the  densities  of  generalized  epidermal  cell  nuclei  which  were  found  at 
various  times.  During  the  first  44  hours  after  feeding,  the  nuclei  per  unit  area 
declines  approximately  10  per  cent.  This  decrease  in  density  could  be  accom- 
plished by  a  combination  of  cell  death,  Figure  2E,  and  differentiation  of  epidermal 
cells  into  organules.  Since  few  organules  exist  in  the  intertergite  region  the  ten 
per  cent  decline  has  to  he  explained  in  terms  of  the  observed  cell  death  and  perhaps 
differentiation  into  oenocytes. 

According  to  Figure  5,  between  48-84  hours  after  feeding  the  epidermis  doubles 
its  nuclear  density.  This  apparent  36-hour  proliferative  phase  in  the  intertergite 
region  is  most  likely  an  overestimate.  The  overestimation  is  an  artifact  of  follow- 
ing a  rapid  process  in  a  less  than  perfectly  synchronized  (quasi-synchronized)  cul- 
ture of  animals.  The  overestimate  is  indicated  by  some  results  obtained  using 
colchicine  in  a  non-parametric  approach  to  estimating  the  length  of  the  proliferative 
phase. 
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FIGURE  5.  Density  of  generalized  epidermal  cell  nuclei  (nuclei/100  square  microns)  of 
the  abdominal  intertergite  region  during  the  fourth  instar  of  Blattclla  gennanica.  Ecdysis  oc- 
curred at  a  mean  time  of  130  hours  after  feeding.  It  was  impossible  to  analyze  samples  after 
86  hours  of  feeding  due  to  shifting  of  the  epidermis  under  the  old  cuticle.  Since  no  colchicine 
mitoses  are  collected  after  this  time,  it  is  assumed  that  cell  density  levels  off  by  86  hours. 
Vertical  bars  represent  one  standard  error  on  either  side  of  the  mean  density  for  ten  animals. 
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Using  colchicine  to  collect  mitoses  for  2,  4  or  8  hours,  a  number  of  examples 
were  obtained (2  animals  out  of  20  at  the  8-hour  collection)  in  which  the  eight 
hour  collection  spanned  the  peak  of  proliferation  of  the  intertergite  region.  In 
these  fortunate  cases,  Figure  IF,  the  majority  of  the  generalized  epidermal  cells 
have  undergone  colchicine  mitosis.  Assuming  that  of  the  cells  not  in  colchicine 
mitosis  in  Figure  IF,  two-thirds  had  undergone  mitosis  prior  to  colchicine  ad- 
ministration and  one-third  had  yet  to  divide  at  fixation  time,  this  would  suggest  that 
65  per  cent  of  the  generalized  epidermal  cells  divided  during  the  eight-hour  collec- 
tion. If  a  linear  increase  of  cell  number  is  assumed  this  would  allow  all  the  cells 
to  divide  within  about  12  hours.  As  will  be  shown  subsequently,  this  is  a  rea- 
sonable estimate  of  the  time  for  epidermal  mitosis  to  be  completed.  The  incon- 
sistency of  the  36-hour  parametric  estimate  of  proliferation  time  with  the  12-hour 
non-parametric  colchicine  estimate  points  out  a  limitation  of  the  use  of  these  syn- 
chronous cultures  for  studying  developmental  processes. 

Effect  of  regeneration  on  events  of  the  molting  cycle 

The  process  of  leg-autotomy  has  an  all-or-none  effect  on  the  molting  cycle. 
If  the  autotomy  occurs  before  the  critical  period  for  regeneration,  molting  is  delayed 
in  order  to  regenerate  the  limb  (O'Farrell  and  Stock,  1953).  This  delay  of  the 
molting  cycle  could  be  carried  out  in  two  different  ways :  either,  the  molting  pro- 
cess could  be  slowed  down  by  putting  more  time  between  events  or  the  events  of  the 
molting  phase  could  all  be  delayed  jointly  retaining  their  temporal  spacing  relative 
to  each  other.  Experiments  were  performed  to  test  these  two  alternative  possi- 
bilities. If  the  molting  cycle  were  simply  slowed  down  by  the  regenerative  pro- 
cess, then  the  observed  delay  of  events  early  in  the  molting  phase  would  be  minimal 
while  the  delay  in  later  events  would  be  close  to  maximal.  Six  events  were 
chosen  to  be  studied :  the  appearance  of  protein  granules  in  the  fat  body,  critical 
period  for  regeneration,  nerve  coil  appearance  in  the  molting  space,  release  of 
muscle  attachments,  ecdysis,  and  the  midpoint  of  intertergite  epidermal  prolifera- 
tion. The  estimated  delay  of  each  of  these  events  due  to  autotomy  of  a  meta- 
thoracic  leg  is  illustrated  in  Figure  6.  All  events  studied  associated  with  the 
molting  phase  were  delayed  jointly  rather  than  being  spaced  farther  apart.  The 
appearance  of  protein  granules  in  the  fat  body,  Figure  6a,  is  not  associated  with 
the  molting  phase  and  shows  no  significant  delay.  Since  intertergite  epidermal 
proliferation,  Figure  6c,  was  delayed  by  autotomy,  it  must  be  one  of  the  first  pro- 
cesses of  what  I  have  defined  as  the  molting  phase.  Since  the  map  time  (Fig.  4) 
between  the  critical  period  for  regeneration  and  the  end  of  epidermal  mitosis  is 
approximately  17  hours,  the  colchicine  estimate  of  12  hours  for  epidermal  prolifera- 
tion of  the  intertergite  is  a  reasonable  one.  Proliferative  mitoses  start  earlier 
in  the  tergite  region  than  in  the  intertergite  and  thus  they  probably  begin  about  the 
same  time  as  the  critical  periods  for  the  head  and  regeneration. 

DISCUSSION 

The  present  paper  attempts  to  establish  an  approach  to  using  synchronous 
cockroach  cultures  in  studying  growth  and  development.  In  some  systems  growth 
and  development  are  inextricably  intertwined.  In  insects,  growth  and  development 
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FIGURE  6.  Delay  of  events  due  to  leg  regeneration.  Delay  was  computed  by  subtracting  the 
the  normal  timing  of  an  event  in  controls  from  the  delayed  timing  of  the  event  in  animals  with 
a  metathoracic  leg  autotomized  at  40  hours  after  feeding  (arrow).  Events  include:  a) 
protein  granules  in  the  fat  body;  b)  regeneration  critical  period;  c)  midpoint  of  intertergite 
cell  proliferation;  d)  nerve  coil  appearance;  e)  muscle  attachment  release;  and  f)  ecdysis. 
Vertical  lines  on  each  bar  indicate  the  standard  error  of  the  delay. 

are  closely  linked  with  molting  physiology.  It  is  demonstrated  above  that  the 
differentiative  and  proliferative  components  of  cockroach  epidermal  development 
occtir  in  discrete  phases.  Differentiative  processes  such  as  the  mitoses  for  new 
organules  and  cell  death  occur  during  the  intermolt  phase  while  proliferative 
mitoses  occur  during  the  early  part  of  the  molting  phase  (cf.  Lawrence,  1966). 
By  using  an  extrinsic  control,  leg  autotomy,  one  can  delay  the  events  of  the  molting 
phase  jointly  and  expand  the  time  during  which  differentiation  can  occur.  This 
separation  and  modulation  of  differentiative  vs.  proliferative  phases  provides  a  sys- 
tem for  future  testing  and  generalizing  the  concept  of  "quanta!"  i's.  "proliferative" 
mitoses  (Holtzer,  Weintraub,  Mayne  and  Mochan,  1972). 

Although  the  differentiative  divisions  for  bristles  and  dermal  glands  occur 
during  the  intermolt  phase,  the  visible  expression  of  their  differentiated  state 
awaits  a  morphogenetic  period  after  proliferative  mitoses  have  stopped.  This 
beginning  of  the  visible  expression  of  the  differentiated  state,  the  epicuticular 
sculpturing  of  the  new  cuticle,  is  a  molting  phase  phenomenon  occurring  after  the 
prothoracic  glands  have  made  their  last  essential  contribution  to  the  initiation 
of  molting. 

The  integrated  growth  and  development  of  the  cockroach  involves  both  inter- 
molt and  molting  phase  phenomena  but  it  is  likely  that  intermolt  phenomena  control 
the  direction  that  growth  takes.  Cockroaches  approximately  double  in  weight  from 
instar  to  instar  (Woodruff,  1938;  Wigglesworth,  1972).  This  doubling  of  tissue 
mass  of  the  animal  requires  only  a  (2)2/  :  1.49  fold  increase  in  surface  epidermal 
cells.  Despite  the  requirement  for  only  a  1.49  increase,  Figure  5  demonstrates 
an  approximate  doubling  of  the  generalized  epidermal  cell  population  during  the 
proliferative  phase  of  epidermal  cell  division.  This  doubling  is  preceded  by  a 
decline  in  generalized  epidermal  cell  number  during  the  intermolt  phase,  attribut- 
able to  both  cell  death  and  differentiation  of  epidermal  cells  into  organules  and 
oenocytes.  The  net  result  is  a  1.49  increase  in  surface  area  from  stage  to  stage. 
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It  seems  likely  therefore  that  allometric  and  parametric  growth  of  the  cockroach 
exoskeleton  can  he  controlled  by  the  patterns  of  differentiative  events  and  cell 
death  that  occur  during  the  intermolt  phase.  This  would  allow  a  stereotyped  re- 
sponse of  the  epidermal  cells  to  the  molting  signals  during  the  molting  phase.  This 
stereotyped  response  may  include  a  proliferative  division  of  every  generalized 
epidermal  cell. 

The  usefulness  of  synchronous  cultures  of  cockroaches  in  studying  the  molting 
cycle  has  been  demonstrated  above  as  well  as  elsewhere  (Kunkel  and  Lawler,  1974; 
Kunkel,  1975).  The  temporal  map  of  events  obtained  by  applying  probit  analysis 
to  quantal  data  from  synchronous  cultures  is  useful  in  providing  animals  which 
are  about  to  undergo  a  developmental  process  of  particular  interest.  The  degree 
of  departure  from  absolute  synchrony  is  a  limiting  factor  in  the  types  of  approaches 
which  can  be  used  to  study  developmental  phenomena.  For  example  while  attempt- 
ing to  study  the  relatively  short  term  phenomenon,  epidermal  proliferation,  it  was 
shown  that  a  misleading  impression  of  the  time  for  proliferation  to  be  completed 
was  obtained  by  plotting  the  mean  epidermal  cell  density  of  random  samples  from 
the  cultures  against  sampling  time.  A  more  accurate  estimate  of  the  twelve-hour 
proliferation  time  was  obtained  by  a  technique  (colchicine  injection)  designed  to 
measure  the  span  of  proliferation  in  individual  animals.  The  synchronous  culture 
technique  was  most  valuable  in  this  instance  as  a  means  of  providing  large  numbers 
of  animals  undergoing  epidermal  proliferation.  Obviously  the  greater  the  departure 
from  perfect  synchrony  and  the  shorter  the  proliferative  phase,  the  more  animals 
one  would  have  to  inject  to  rind  at  least  one  animal  in  which  the  colchicine  collec- 
tion of  mitoses  spanned  the  peak  of  proliferation.  Despite  these  limitations  in 
studying  short  term  developmental  processes,  long  term  processes  can  be  studied 
using  the  conventional  approach  of  plotting  means  against  sampling  time  (rf. 
Kunkel  and  Lawler,  1974). 

The  relationship  of  the  critical  periods  for  the  head  and  prothorax  to  the 
events  of  the  molting  phase  in  the  temporal  map  of  cockroach  development  confirms 
similar  phenomenology  in  other  insects  (Williams,  1948;  Wigglesworth,  1952; 
Locke,  1970;  Truman  and  Riddiford,  1974).  The  brain  critical  period  presumably 
corresponds  to  the  last  time  in  the  molting  cycle  at  which  a  continued  release  of  a 
brain  hormone  is  necessary  to  assure  eventual  ecdysis.  The  brain  has  been  shown 
to  be  responsible  for  the  activation  of  the  prothoracic  glands  in  cockroaches  (Gersh 
and  Sturzebecker,  1970).  Likewise  the  prothoracic  critical  period  corresponds  to 
the  last  time  in  the  molting  cycle  that  the  prothoracic  gland's  product  is  secreted. 
Although  these  two  phenomenological  events  serve  as  reference  points  in  the  molt- 
ing cycle  it  is  not  at  all  certain  what  the  concentrations  of  brain  hormone  and 
ecdysones  are  relative  to  these  events,  particularly  since  alternative  sites  of  ecdysone 
metabolism  have  been  suggested  and  documented  (Locke,  1969;  \Yeir.  1970; 
Nakanishi,  Moriyama,  Okauchi,  Fujioka  and  Koreeda,  1972). 

The  close  association  of  the  regeneration  critical  period  with  the  brain  critical 
period  suggests  that  the  mechanism  by  which  regeneration  delays  the  molting  cycle 
may  be  to  delay  the  last  brain  function  in  initiating  the  molting  cycle.  This  is 
contrary  to  prior  suggestions  that  metabolism  of  ecdysone  by  the  regenerating 
tissues  was  responsible  for  the  delay  (O'Farrell,  Stock,  Rae  and  Morgan,  1960; 
Pohley,  1964). 
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SUMMARY 

1.  A  temporal  map  of  events  during  the  molting  cycle  of  Blattclla  gcnnanica 
has  heen  established. 

2.  The  molting  cycle  can  be  divided  into  two  discrete  phases,  the  intermolt  and 
the  molting  phase. 

3.  Molting  phase  events  are  delayed  jointly  when  leg  regeneration  is  induced. 

4.  Differentiative  mitoses  occur  during  the  intermolt  phase  while  proliferative 
mitoses  occur  at  the  beginning  of  the  molting  phase. 

5.  The  coordinate  growth  and  development  of  the  epidermis  seems  to  be  con- 
trolled by  a  period  of  cell  differentiation  and  death  during  the  intermolt  phase. 

6.  It  is  proposed  that  limb  regeneration  feeds  back  to  delay  molting  by  delaying 
brain  hormone  secretion. 
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SPECIFIC  DEATH  SITES  IN  A  DROSOPHILA   POPULATION   CAGE 

ROGER  MILKMAN 

Department  uf  Zoology,  The  University  of  loicti.  Inica  City.  Imva  52242 

I  wish  to  report  the  observation  that  when  population  cages  of  Drosophila 
melanogaster  are  provided  with  empty  vials,  more  than  half  of  the  flies  die  in  these 
vials  rather  than  elsewhere.  This  phenomenon  has  been  followed  continuously 
over  a  period  of  some  H  years,  in  a  dozen  cages,  and  under  a  variety  of  con- 
ditions. It  bears  on  the  nature  of  territorially  and  on  the  control  of  population 
density. 

MATERIALS  AND  METHODS 

Populations  of  Drosophila  melanogaster  were  established  in  Incite  population 
cages  (boxes  135  X  110  X  450  mm  o.d.,  on  115  mm  supports,  screen-vented  at 
each  end,  and  fitted  with  20  standard  25  X  95  mm  glass  culture  vials  in  two  rows). 
The  cages  were  located  on  a  counter  in  my  laboratory  at  room  temperature.  Light 
was  not  controlled.  All  but  two  culture  vials  contained  about  10  cc  of  standard 
culture  medium  and  were  replaced  at  staggered  intervals,  so  that  a  complete  age 
array  of  Drosophila  cultures  was  present  at  all  times.  The  remaining  two  vials 
were  empty ;  these  were  placed  in  terminal  positions  and  removed  at  certain  inter- 
vals for  counting.  Before  the  empty  "death"  vials  were  removed  for  counting, 
they  were  tapped  repeatedly  to  encourage  flies  to  depart  that  might  be  casual  tran- 
sients. The  remaining  flies  were  etherized ;  those  that  recovered  were  designated 
"moribund,"  and  those  that  did  not  were  called  "dead."  Ideally,  the  ether  would 
finish  off  no  living  flies,  and  this  appears  to  have  been  essentially  the  case :  most 
flies  in  the  death  vials  were  clearlv  dead.  The  moribund  flies  exhibited  character- 

j 

istic  behavior. 

RESULTS 

A  log  of  the  running  observations  over  a  16-month  period  is  presented  in 
Figure  1.  The  data  were  collected,  first  from  the  death  vials  of  9,  then  from 
4  cages,  and  they  consist  of  two  variables:  number  of  dead  flies  per  vial  and 
number  of  moribund  flies  per  vial  at  the  time  of  counting.  These  data  do  not 
include  flies  dying  or  becoming  moribund  elsewhere  in  the  cages. 

Table  I  presents  these  and  derivative  data  for  certain  time  periods.  At  the 
outset.  Standard  Period  I,  the  two  death  vials  in  each  cage  were  at  the  end  facing 
into  the  room.  In  Figure  1,  a  sharp  oscillation  can  be  seen:  the  right  hand  vials 
were  nearer  the  major  source  of  light,  a  window,  and  they  almost  invariably  con- 
tained more  flies. 

The  cages  were  then  reversed,  so  that  the  death  vials  were  now  against  the 
wall,  where  it  was  darker.  Now  the  number  of  flies  dying  in  the  death  vials 
dropped  sharply,  although  the  number  of  moribund  flies  did  not.  The  right-left 
difference  disappeared,  also.  When  the  cages  were  turned  around  once  more 
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TABLE  I 
Calculation  of  death  rates 


Experi- 

Sample period 

mental 
time 

Dead 

(N) 

Dead/ 

day/vial 

Moribund 
(N) 

Dead  + 
Moribund 

Vial 
days 

cates 

/XT\ 

Death 

rate** 

(days) 

(.IN) 

Standard  I 

64-153 

45,397 

26.97 

15,366 

60,763 

187 

9 

36.10 

Reverse* 

164-216 

3,842 

8.50 

3,320 

7,162 

113 

4 

15.85 

Standard  II 

223-263 

8,872 

25.49 

3,149 

12,021 

87 

4 

34.54 

Foil  and  Hood* 

271-331 

12,460 

24.34 

5,088 

17,548 

128 

4 

34.27 

*  See  text  and  Figure  1. 

**  Dead  and  Moribund  Flies  divided  by  (Vial  Days  X  Replicates). 


(Standard  Period  II),  the  results  returned  to  their  original  values,  including  the 
right-left  difference  (Figure  1).  Next,  the  death  vials  were  covered  with  foil  (D) 
and  then  additionally  the  right  hand  sides  of  the  cages  were  covered  with  foil  (E). 
Finally  (F),  foil  or  mylar  hoods  were  placed  over  each  cage.  Now  the  observa- 
tions were  similar  to  those  seen  under  the  initial  conditions,  except  that  the  oscil- 
lations due  to  right-left  differences  were  not  seen.  To  interpret  these  results 
simply,  it  appears  that  light  does  attract  the  flies,  even  the  moribund  ones,  but  the 
influence  of  light  is  an  epiphenomenon :  in  the  near  absence  of  light,  the  dying 
flies  accumulate  in  the  death  vials  to  the  same  extent  as  in  light. 

It  may  be  noted  that  the  death  vial  floors  occupy  about  1.7%  of  the  total 
floor  area  of  the  cage,  so  that  the  accumulation  of  moribund  and  dead  flies  in 
these  vials  is  anything  but  random.  Vials  placed  horizontally  in  a  port  at  the 
end  of  the  cages  accumulated  very  few  dead  flies  (1.6  per  vial  per  day). 

Table  II  illustrates  the  ratio  between  moribund  flies  per  vial  (at  time  of 
sampling)  and  dead  and  moribund  flies  per  vial  per  day.  In  a  steady  state 
situation,  the  rate  of  arrival  of  moribund  flies  equals  the  death  rate.  The  ratio 
of  moribund  flies  present  at  any  time  to  the  death  rate  should  equal  the  duration 
of  the  moribund  period,  and  this  works  out  to  about  46  hours.  In  contrast,  in  a 
recent  experiment,  healthy  flies  lived  a  median  time  of  23  hours  in  empty  vials 
under  ambient  conditions  of  temperature  and  humidity,  and  34  hours  if  the  cotton 
plug  was  moistened.  Since  the  moribund  flies  entering  the  death  vials  are  not  even 
representative  healthy  flies,  we  might  have  expected  them  to  last  less  than  24  hours. 
The  fact  that  they  appear  to  live  on  for  almost  2  days  suggests  that  some  moribund 
flies  do  reenter  the  arena  and  eat  once  or  occasionally  more  often. 

The  distinction  between  moribund  flies  and  ordinary  healthy  flies  is  illustrated 
by  the  results  of  the  following  experiment.  Over  400  moribund  flies  (see  ma- 
terials and  methods  for  criterion)  were  collected  and  placed  in  ordinary  food 
vials,  at  the  low  density  of  20  per  vial.  The  survivors  in  each  vial  were  trans- 
ferred to  a  new  vial  at  roughly  5-day  intervals.  Median  survival  time  was  26  days, 
and  the  survival  curve  was  smooth,  not  stepped.  Thus,  the  flies  seem  to  have 
constituted  a  fairly  continuously  variable  group,  not  a  mixture  of  more  than  one 
distinct  class.  A  comparable  group  of  over  400  flies  attracted  from  the  main  part 
of  the  cage  by  light  and  treated  similarly  showed  a  median  survival  time  of 
52  days.  Again  the  curve  was  smooth  and  not  stepped.  Moreover,  abundant 
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FIGURE  1.  Numbers  of  dead  flies  per  vial  per  day  (continuous  line)  and  number  of  flies 
per  vial  (dashed  line)  in  right  (cross)  and  left  (filled  circle)  death  vials.  For  Day  0-156. 
samples  were  averaged  from  9  cages.  At  A  (Day  157),  samples  were  averaged  from  4  cages 
from  this  date  on.  At  B  (Day  157),  cages  were  turned  around,  so  that  death  vials  were 
nearest  the  wall.  At  C  (Day  216),  cages  were  turned  back  to  original  positions.  At  D 
(Day  264),  death  vials  were  covered  with  aluminum  foil.  At  E  (Day  290),  the  right  side 
of  each  cage  (side  nearer  the  light)  was  covered  with  aluminum  foil.  At  F  (Day  310),  the 
entire  cage  and  food  vials  were  shielded  by  loose  fitting  foil  or  mylar  hood.  Through  G 
(Days  331  through  356),  no  new  food  vials  were  added  in  this  period;  no  culture  vials  were 
removed.  At  each  H  (Days  359,  363,  366,  370),  4  fresh  food  vials  were  added  to  each  cage 
on  each  of  these  days.  At  I  (Day  373),  all  aluminum  foil  coverings  were  removed  from 
cages.  On  J  (Days  416,  419),  short  (45  mm  deep)  death  vials  replaced  the  regular  vials 
removed  for  counting;  the  first  counts  from  short  vials  were  made  on  day  423.  At  K 
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(Day  466),  all  short  death  vials  were  replaced  by  regular  (95  mm  deep)  vials.  On  L  (Days 
496,  500),  short  death  vials  replaced  the  regular  death  vials  removed  for  counting;  the  first 
counts  from  short  vials  were  made  on  day  503.  At  M  (Day  517),  both  short  death  vials 
were  removed.  A  single  regular  death  vial  was  placed  in  each  cage ;  the  first  counts  from 
the  single  vials  were  made  on  day  524.  At  N  (Day  553),  all  vials  from  each  cage  were 
cleared  of  flies;  each  set  was  placed  in  a  clean,  empty  cage.  Between  days  380  and  400 
substantial  samples  were  taken  from  the  cages  for  purposes  of  genotyping.  The  low  values 
subsequently  seen  can  be  attributed  to  the  reduced  population  size  (in  addition  to  the  addition 
of  a  large  number  of  fresh  food  vials). 


progeny  were  left  by  the  transferred  moribund  flies,  and  subsequent  specific  tests 
of  fertility  showed  that  essentially  all  moribund  flies  of  both  sexes  were  fertile 
when  transferred  to  uncrowded  conditions. 

The  absence  of  any   indication   of   sharp   heterogeneity   among   the   moribund 
flies  is  important.     While  a  two-step  death  curve  would  have  indicated  a  mixture 
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TABLE  II 
Estimates  of  length  of  moribund  period 


Sample  period 

Moribund  Flies 
per  vial 

Death  Rate 
per  vial 

M/d** 

Days 

Hours 

Standard  I 

65.67 

36.10 

1.82 

44 

Reverse 

51.88 

15.85 

3.27 

78 

Standard  1  1 

65.60 

34.54 

1.90 

46 

Foil  and  Hood 

74.82 

34.27 

2.18 

52 

Average,  Rows  1,  3,  and  4 

67.44 

35.52* 

1.90 

46 

*  Or  71.04  per  cage. 
*  Number  of  moribund  flies  divided  by  death  rate. 

of  dying  and  normal  (presumably  transient)  flies,  or  else  a  two-step  degenerative 
process,  the  apparent  homogeneity  of  the  moribund  flies  permits  them  to  be  treated 
tentatively  as  a  single  class.  Thus  the  apparent  2-day  duration  of  the  moribund 
period  must  be  taken  as  representative  of  the  experience  of  each  fly.  Accordingly, 
the  moribund  flies,  by  leaving  the  death  vials  on  occasion,  may  be  capable  of  re- 
sponding to  altered  conditions  in  the  cage.  Perhaps  they  can  remain  in  the  cage 
proper  if  its  density  has  dropped,  or  if  the  competition  has  lightened. 

A  test  of  this  possibility  was  performed  by  exchanging  the  death  vials  of  a 
wild-type  cage  and  one  containing  a  population  of  vestigial  sepia  (vg  se)  flies. 
The  latter  strain  is  unable  to  compete  with  wild  flies  except  under  unusual 
circumstances.  When  the  vg  se  death  vials  were  placed  in  the  wild  cage,  no  flies 
left  them  to  enter  the  cage.  It  should  be  noted  that  flies  leave  vials  primarily 
on  foot,  so  the  absence  of  functional  wings  is  not  in  itself  a  big  drawback  to  the 
vg  se  flies.  In  the  reciprocal  maneuver,  nothing  happened  at  once,  but  eventually 
some  moribund  wild  flies  did  leave  their  death  vials  and  enter  the  vg  se  cage 
proper.  Their  movements  were  slow  and  halting.  Eventually  a  few  reached 
food.  Some  time  after,  and  looking  more  robust  (moving  faster  and  appearing 
less  shriveled),  they  seemed  to  take  up  positions  and  to  threaten  approaching 
vg  sc  flies.  These  observations  are  anecdotal  and  must  be  understood  in  this 
spirit ;  for  what  they  are  worth,  the  wild  flies  executed  sharp  wing  movements  at 
the  approach  of  vg  sc  flies,  and  the  latter  turned  away.  Furthermore,  a  large 
number  of  vg  se  flies  were  soon  in  the  death  vials.  Systematic  observations  of 
such  encounters  obviously  constitute  an  important  next  step  in  the  investigation 
of  this  whole  subject.  Eighteen  days  after  the  transfer,  large  numbers  of  wild 
flies  began  to  appear  in  the  cage,  obviously  progeny  of  the  moribund  wild  flies 
that  had  left  the  death  vials. 

It  should  be  noted  that  the  criterion  of  moribundity  depends  in  part  on  the  in- 
tensity and  persistence  with  which  death  vials  are  tapped  and  rattled  before  being 
removed.  While  light  tapping  results  in  the  prompt  departure  of  some  flies,  con- 
tinued and  heavier  rattling  causes  more  flies  to  leave.  After  a  recent  decision 
to  increase  the  seventy  of  the  rattling,  the  numbers  and  proportions  of  flies 
counted  as  moribund  have  dropped.  Estimates  of  durations  of  the  moribund 
period,  each  averaged  over  several  weeks'  observations,  are  given  in  Table  III. 
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TABLE  III 

Estimates  of  length  of  moribund  period,  considering  only  flies  remaining 
after  prolonged  and  intensive  rattling 


Cages 

Conditions 

M/d*  (hours) 

1,3,5,7 

Standard 

24.8 

1,3,5,7 

Vials  in  mid-cage 

position 

42.5 

2,4,6,8 

Standard 

23.7 

2,4,6,8 

Short  vials 

8.0 

2,4,6,8 

One  regular  vial 

per  cage 

12.2 

*  Number  of  moribund  flies  divided  by  death  rate. 

Another  experiment  employed  genetically  marked  flies  to  get  an  idea  of  the 
age-distribution  of  the  dying  flies.  In  each  of  two  cages,  six  vials  of  net  black 
cinnabar  brown  (n  b  en  bw)  flies  were  inserted  for  a  period  of  three  days, 
replacing  regular  culture  vials.  These  ;/  b  en  bu>  cultures  were  just  ready  to 
produce  their  first  adults ;  the  strain  is  quite  robust  and  competes  well  with  wild 
flies  in  the  laboratory.  Eventually,  a  total  of  167  n  b  en  bw  flies  appeared  in  the 
death  vials,  and  of  these  64  were  found  in  the  first  three  days.  The  rest  appeared 
sporadically  in  declining  numbers  until  40  days  later,  after  which  none  appeared  for 
a  considerable  period.  Meanwhile  72  had  been  found  in  the  cage  food  vials  that 
were  replaced  on  a  regular  schedule.  Since  the  n  b  en  bu>  cultures  contained  no 
adults  when  placed  in  the  cage,  64  of  the  239  that  hatched  during  the  three-day 
period  entered  the  death  vials  at  an  early  age:  three  days  at  most,  and  many  must 
have  been  much  younger.  A  few  looked  quite  callow  when  found.  Thus,  the 
death  vials  receive  adult  flies  of  all  ages,  and  it"  it  is  the  weaker  flies  that  become 
moribund,  age  is  not  the  only  cause  of  the  weakness.  Both  these  cages,  a  year 
later,  contained  numerous  flies  showing  one  or  more  of  the  recessive  mutant 
phenotypes.  (Other  cages  have  been  maintained  with  polymorphisms  at  these 
loci — and  fairly  even  allele  frequencies — for  three  years  in  our  laboratory).  Thus 
the  appearance  of  large  numbers  of  young  n  b  en  bw  flies  in  the  death  vials  prob- 
ably reflects  the  events  characteristic  of  normal  populations  rather  than  the  quick 
demise  of  an  inferior  stock. 

In  order  to  estimate  the  rate  of  emergence  of  adult  flies  (and  therefore  the 
death  rate,  given  a  steady  state),  half  of  the  producing  culture  vials  were  removed 
from  each  of  two  cages.  Emergent  flies  were  counted  and  removed  daily  for 
three  days,  leading  to  an  estimate  of  emergence  per  day  of  86  for  one  cage  and 
198  for  the  other.  The  flies  in  each  cage  were  counted  directly  in  situ  (this  is 
tedious  but  practical).  The  first  cage  contained  about  1570  flies;  the  other,  4010. 
Mean  adult  longevity  thus  is  computed  to  be  1570/86  --  18  days  for  the  first  cage 
and  4010/198  ==  20  days  for  the  second.  The  remaining  9  cages,  similarly  counted, 
averaged  2468  flies  (range  =:  1850-3355).  With  a  mean  adult  longevity  of  19 
days,  a  mean  daily  emergence  (and  death)  rate  of  130  is  indicated.  Over  long 
periods  of  time  (Table  II),  the  death  rate  for  the  two  death  vials  of  a  cage,  taken 
together,  averages  over  71.  In  computing  the  death  rate,  the  moribund  flies  must 
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of  course  be  included.  The  total  number  of  dead  and  moribund  flies  is  divided  by 
the  duration  of  the  vial's  stay  in  the  cage  and  by  the  number  of  replicate  vials. 
The  mean  death  rate  of  71  flies  per  cage  per  day  includes  all  periods  except  the 
"reversed"  period. 

When  cages  contain  no  empty  vials,  the  newest  food  vials  often  contain  very 
large  numbers  of  males  and  females.  Many  of  these  are  dead  and  dying,  so  that 
in  ordinary  cages  each  food  vial  serves  as  a  graveyard  (as  well  as  a  nursery 
simultaneously)  in  its  turn.  This  dual  role  is  illustrated  by  the  following  observa- 
tion. When  one  rattles  a  death  vial  repeatedly,  some  flies  leave,  but  many  remain. 
These  are  of  course  the  moribund  flies.  When  one  rattles  a  crowded  newly- 
placed  food  vial  in  the  same  cage,  essentially  all  the  flies  leave.  The  critical  test 
is  now  made  on  newly-placed  food  vials  in  cages  without  death  vials:  many  flies 
remain  in  the  vial.  As  in  the  death  vials,  they  may  climb  half  way  up  the  vial, 
but  they  keep  dropping  back.  These  observations  were  made  3-20  hours  after 
emplacement  of  the  vials.  Clearly,  the  immediate  distinction  resides  in  the  flies 
and  not  in  the  physical  differences  between  empty  vials  and  those  containing 
food.  In  this  context  it  may  also  be  noted  that  short  vials  (45  mm  deep)  seem 
to  serve  equally  well  as  death  vials.  Moreover,  recent  experiments  show  that  a 
single  death  vial  accumulates  over  half  the  flies  that  die  in  the  cage.  Regular- 
sized  (25  X  95  mm)  vials  were  used  in  4  cages,  whose  adult  emergence  rate 
was  later  measured  by  removal  of  all  producing  vials  and  the  counting  of  all 
emergent  flies  each  day  for  two  days ;  then  all  the  vials  from  each  cage  were  placed 
in  a  clean  cage,  whose  population  was  then  counted  directly  after  several  days. 
After  the  vials  had  been  removed  from  the  old  cages,  the  flies  in  each  cage  were 
removed,  sexed,  and  counted.  From  these  counts,  and  from  adult  emergence 
rates,  adult  longevities  were  estimated  for  each  sex,  as  shown  in  Table  IV.  These 

TABLE  IV 

Mean  adult  longevity  estimates  for  four  l\-year-old  cage  populations 


Sex 

Mean  adult  emergence 
per  cage  per  day 

Mean  cage  population 

Mean  adult  longevity. 

days 

F 
M 

37.4* 
33.5 

1133.0** 
1419.5** 

30.3 

42.4 

*  Proportion  of  females,  0.527;  proportion  in  three  other  ca^es,  0.536. 

**  Some  flies  of  unknown  sex  were  added  in  the  proportions  observed ;  they  constituted  well 
below  5' ','  of  the  entire  sample. 


estimates  are  considerably  higher  than  those  made  over  a  year  earlier  when  the 
cage  populations  were  newer.  The  average  death  vial  rate  was  about  41  at  this 
time. 

While  the  numbers  are  dramatically  lower  in  the  new  food  vials  of  cages  con- 
taining empty  vials,  it  is  likely  that  some  flies  do  die  preferentially  here  as  well. 
Furthermore,  under  conditions  where  the  medium  pulls  away  from  the  glass, 
man}-  Hies  are  trapped  in  the  resultant  crevices.  The  early  estimates  of  death 
rates  (130  overall  and  71  in  the  death  vials)  differ  by  about  60.  Over  a  year 
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later  the  respective  estimates  of  71  and  41  are  lower  but  in  a  comparable  ratio. 
Those  flies  that  do  not  die  in  the  death  vials  presumably  find  similar,  though 
ostensibly  less  specific,  conditions,  such  as  the  new  food  vials  may  offer.  And 
others  may  die  in  random  places.  The  proportions  of  these  respective  groups 
are  not  known. 

When  death  vials  are  removed  for  counting,  they  are  plugged  with  cotton  and 
left  for  up  to  an  hour  before  the  counts  are  made.  At  the  end  of  this  time, 
some  of  the  living  flies  look  anything  but  moribund :  they  are  active  and  well 
coordinated  in  every  obvious  respect.  Indeed,  some  flies  begin  to  look  normal 
a  few  minutes  after  removal  of  the  death  vial.  This  observation  indicates  the 
possibility  of  a  depressing  olfactory — or  even  auditory — stimulus  from  the  cage, 
a  stimulus  whose  removal  is  accompanied  by  a  recovery  of  vitality  by  some  of 
the  moribund  flies. 

We  have  tried  without  success  to  analyze  emigration  in  sets  of  vials  connected 
by  tubes  of  various  sizes.  A  variety  of  mixed  populations  were  used.  From  these 
experiments  and  from  the  observation  of  cages,  where  most  of  the  healthy  flies  are 
not  in  the  culture  vials,  we  have  concluded  that  an  element  is  missing  from  such 
theaters,  and  that  is  abundant  flat  surface.  Accordingly,  our  further  experiments 
are  being  done  in  standard  and  special  cages.  In  the  course  of  these  experiments,  a 
distinct  additional  form  of  behavior  has  been  noted  and  studied.  It  will  be  described 
in  a  subsequent  publication. 

DISCUSSION 

Clearly,  the  flies  accumulate  in  a  specific  place  in  the  cages  before  dying.  What 
do  we  know  about  the  process,  and  what  questions  remain? 

First  of  all,  the  death  vials  are  not  merely  traps.  Some  flies  can  easily 
leave  the  vials,  and  healthy  flies  placed  in  empty  vials  have  no  trouble  escaping. 
As  noted,  shorter  vials  serve  well  as  death  vials.  Also,  if  we  take  the  esti- 
mates of  the  duration  of  the  moribund  period  seriously,  moribund  flies  do  leave 
the  death  vials  at  least  once  or  twice  on  the  average  to  get  food  and  water.  To 
recapitulate  the  reasoning,  moribund  flies  placed  in  closed  food  vials  survive  well 
and  behave  as  a  unimodal  class ;  they  live  only  half  as  long  as  ordinary  healthy 
flies  under  these  conditions.  Healthy  flies  live  only  about  a  day  without  food, 
the  moribund  flies  appear  to  live  about  two  days  in  the  death  vials.  Thus  they 
must  be  going  out  for  sustenance  once  in  a  while.  The  decisive  observation  has 
not  been  made,  however :  moribund  flies  must  be  seen  to  leave  the  death  vials, 
enter  food  vials,  and  return.  Obviously,  too,  there  must  be  a  progressive  decline 
of  vitality  toward  death.  Presumably,  the  flies  that  do  not  leave  the  death  vials 
even  after  extreme  disturbance  are  in  a  weaker  state  than  those  that  do.  Never- 
theless, the  state  of  moribundity  holds  interest  in  its  initial  as  well  as  more 
extreme  stages. 

The  behavior  of  the  moribund  flies  suggests  impending  death.  Their  move- 
ments are  erratic,  uncoordinated,  often  non-adaptive,  and  quite  reminiscent  of  the 
familiar  behavior  of  moribund  houseflies.  But  what  organized  activity  brings 
them  to  this  particular  spot?  Where  have  the  flies  been  just  before  entering  the 
death  vials?  What  interactions,  if  any,  with  other  flies  preceded  their  departure? 
Is  the  departure  a  form  of  emigration,  a  form  of  suicide,  a  set  of  both,  or  neither? 
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It  seems  to  me  that  the  flies  are  emigrating.  The  unusual  circumstances  make 
them  emigrate  into  captivity,  but  that  may  well  be  a  frequent  occurrence  in  nature, 
too.  The  time  comes  when  each  fly  has  to  take  his  chances  elsewhere.  And 
perhaps  this  time  is  announced  to  the  fly  in  a  series  of  interactions  whose  model  is 
seen  in  territorial  behavior. 

Naturally  these  observations  will  call  to  mind  what  Wynne-Edwards  (1962) 
has  said  so  well.  Perhaps  the  continuous  nature  of  the  emigration  is  novel, 
however.  Wynne-Edwards  emphasized  the  "safety-valve"  aspect  of  emigration 
and  discussed  it  solely  as  an  intermittent  (regular  or  irregular,  but  not  con- 
tinuous) activity  in  populations.  In  other  discussions  (Dingle,  1972;  Johnson, 
1969;  Krebs,  Gaines,  Keller,  Myers,  and  Tamarin,  1973)  as  well,  the  sporadic  or 
cyclical  aspects  of  emigration  are  emphasized.  The  Drosophila  cages,  in  contrast, 
present  an  example  of  continuous,  though  modulated,  emigration.  When  the  end- 
point  of  migration  is  an  empty  vial,  socially-induced  emigration  and  socially- 
induced  mortality  are  one  and  the  same  thing. 

There  is  nothing  new  about  the  departure  of  queen  bees  from  a  hive;  the 
exclusion  of  young  gulls  or  young  male  blackbirds  from  specific  territories ;  or  the 
flight  of  refugees  before  human  conquerors.  In  general,  however,  we  think  of 
territories  as  more  or  less  fixed.  The  stickleback  knows  his  borders ;  so  do  many 
birds.  Nevertheless,  there  is  nothing  essential  to  the  fixity  of  territory.  Granted, 
permanent  territories  add  stability  to  a  colony,  and  they  are  easy  to  observe.  But 
a  given  area  can  be  subdivided  among  a  number  of  moving  individuals,  each  of 
whom  may  during  a  stationary  period  or  even  while  in  motion  drive  away  others 
who  come  too  close.  If  this  does  not  fit  the  conventional  concept  of  territoriality, 
then  it  is  certainly  prototerritoriality.  In  any  event,  I  believe  such  behavior  may 
underlie  the  accumulation  of  the  flies  in  the  death  vials. 

When  a  fly  approaches  a  stationary  male,  the  latter  flutters  its  wings,  and  the 
former  generally  moves  on.  Often  one  male  will  pursue  another,  poking  at  its 
abdomen  as  in  courtship.  These  interactions  are  the  type  that  could  add  up  to 
a  departure  to  the  death  vial,  but  of  course  we  have  no  explicit  information  on 
the  question.  But  whatever  the  specific  interactions,  the  model  of  an  area 
dynamically  saturated  with  floating  territories  (or  "personal  space")  may  serve 
as  a  guide  to  the  design  of  further  experiments.  While  such  a  model  does  not 
answer  a  lot  of  specific  questions  (e.g.,  how  does  a  fly  know  when  to  go  to  the 
death  vial?),  it  makes  them  quite  analogous  to  questions  for  which  we  have 
straightforward  answers  (a  herring  gull  flees  from  a  hostile  opponent  whose  threat 
behavior  indicates  superior  strength  and  a  determination  to  attack).  The  critical 
observation  here  is  the  path  of  a  fly  to  the  death  vial.  No  doubt  a  movie  played 
backwards  could  identify  the  beginning. 

Aggressive  behavior  and  non-random  spacing  have  been  noted  in  experimental 
populations  of  Drosophila  from  time  to  time.  While  Hay  (1973)  did  not  dis- 
criminate among  a  variety  of  activities  in  D.  melanogaster,  he  was  aware  that 
some  of  them  were  likely  to  fend  off  other  flies.  Manning's  (1959)  description 
of  wing-flicking  fits  what  I  have  referred  to  earlier;  Connolly  (1968)  recognized 
uniform  spacing  as  possibly  significant  and  attributed  an  increase  in  "preening" 
(activity  without  translocation)  to  the  visual  perception  of  other  flies.  Sexton  and 
Stalker  (1961)  noted  that  the  upper  surface  of  a  cylindrical  chamber  was  choice. 
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In  their  experiments,  at  most  183  flies  occupied  the  ceiling,  even  with  as  many  as 
1,000  flies  in  the  chamber.  Under  crowded  conditions,  they  report  intriguingly, 
some  flies  were  on  the  wall  and  many  were  piled  up  on  the  floor.  The  extension 
of  legs  seemed  to  ward  off  other  flies ;  this  behavior  was  apparent  when  another 
fly  came  within  about  5  mm  of  a  stationary  individual.  While  no  specific  (per- 
manent) territory  was  defended.  Sexton  and  Stalker  (1961)  noted  that  the  uni- 
form spacing  might  nevertheless  "reduce  competition."  Naylor  (1959)  showed 
clearly  that  Tribolium  confiisnm  (flour  beetle)  populations  have  a  density-de- 
pendent spacing  pattern,  with  crowding  resulting  in  spacing  more  uniform  than  a 
random  distribution.  Clark  and  Evans  (1954)  treat  the  analysis  of  spacing  in 
a  clear  and  thorough  way.  These  several  observations  and  interpretations  of  spac- 
ing patterns  can  usefully  be  thought  of  together  with  the  phenomenon  of  emigra- 
tion, which  Lidicker  (1962),  among  others,  has  considered  as  a  possible  component 
of  a  mechanism  regulating  population  density.  The  experiments  of  Sakai,  Narise, 
Haraizumi,  and  lyama  (1958)  on  emigration  in  Drosophila  deal  with  unit  time 
periods  considerably  longer  than  those  employed  here ;  more  important,  perhaps, 
discrete  culture  generations  were  employed,  and  they  used  large  vials  connected 
by  tubes.  Taken  together,  the  observations  cited  indicate  the  common  use  of 
behavior  resulting  in  even  spacing,  the  possible  coupling  of  spacing  to  emigration, 
and  the  occurrence  of  emigration  on  a  scale  sufficient  to  have  a  major  impact  on 
population  density. 

The  importance  of  this  behavior  lies  in  its  role  in  the  control  of  population 
density.  Mass-action-limits  debilitate  the  population,  and  in  the  absence  of  grazing 
and  similar  causes  of  death,  mechanisms  must  be  found  to  prevent  all  the  individ- 
uals from  living  on  the  brink  of  starvation.  In  fact,  cage  flies  are  invariably  a 
lot  larger  than  the  tiny  but  fertile  individuals  one  can  produce  experimentally  by  a 
judicious  manipulation  of  the  medium.  As  Wynne-Edwards  (1962,  p.  10)  says, 
".  .  .  the  ceiling  is  normally  imposed,  and  the  level  indefinitely  maintained,  while 
the  members  of  the  population  are  in  good  health — sometimes  actually  fat — and 
leading  normal  lives."  There  are  two  evident  behavior  patterns  in  Drosophila 
cages  that  make  for  a  less-than-maximal  partitioning  of  the  environment.  First, 
many  larvae  leave  the  food  prematurely  under  crowded  conditions.  Circumstances 
arise  which  cause  them  to  take  their  chances  elsewhere ;  in  a  cage,  they  starve  on 
the  sides  of  the  vials.  This  leaves  enough  food  (and  perhaps  other  resources) 
for  those  who  remain  to  metamorphose  into  robust  adults.  And  secondly,  adult 
flies  go  to  the  death  vials  before  it  is  physiologically  necessary  to  die.  In  each 
case,  the  individuals  die  on  cue.  Cues,  weak  signals  amplified  by  the  receiver, 
are  essential  to  regulation. 

Why  should  an  individual  face  certain  death  rather  than  settle  for  a  meager 
existence?  The  answer,  again,  lies  in  territoriality.  Even  where  death  by  attack 
is  not  possible,  evolution  can  program  individuals  to  prefer  a  step  towards  death 
to  receiving  a  certain  stimulus,  to  choose  isolation  over  insult,  to  find  challenge 
more  agonizing  than  deprivation.  The  context  of  this  preference  may  lie  in  the 
same  appreciation  of  superior  competition  that  turns  many  a  bird,  insect,  and 
mammal  away  from  a  displaying  rival.  Then  what  of  the  insensitive  inferior 
individual?  He  may  survive  longer,  but  he  will  not  prosper.  The  cost  to  the 
population  will  not  be  great,  and  there  is  nothing  to  make  the  property  of  insensi- 
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tivity  spread.  Also,  it  may  be  that  no  single  behavioral  mutation  can  be  so  deft 
as  to  leave  an  individual  immune  to  the  signal  to  go  away,  yet  perfectly  capable  of 
using  all  other  information  from  his  environment. 

Most  individual  organisms  do  not  live  a  continuously  marginal  existence. 
Resources  are  usually  partitioned  so  that  each  share  is  well  above  the  minimal 
subsistence  level.  While  many  natural  populations  may  be  kept  below  deleterious 
densities  by  outside  forces,  and  while  others  may  oscillate  and  occasionally  be  cut 
back  by  actually  reaching  such  densities,  a  Drosophila  cage  population's  density 
is  limited  by  factors  intrinsic  to  the  population  itself.  Individual  larvae  and  indi- 
vidual adults  must  be  able  to  choose  a  new  quasi-developmental  track  (towards 
moribundity)  in  response  to  environmental  cues,  in  the  same  sense  that  crowded 
locusts  choose  to  emigrate,  certain  termites  choose  to  become  soldiers,  and  tissues  in 
a  broken  salmander  limb  choose  to  regenerate.  At  a  fork  in  the  road,  one  direction 
is  taken ;  the  other  is  not.  This  is  not  rational  choice,  but  it  is  a  choice. 

Presumably  a  cage  can  be  made  to  have  a  density  sufficiently  low  to  eliminate 
death  on  cue.  At  such  a  density,  perhaps  the  death  vials  would  receive  only 
their  random  share  of  moribund  flies.  Alternatively,  perhaps  all  moribund  flies 
are  inclined  to  seek  out  such  death  sites,  whether  or  not  they  die  before  the  final 
possible  time.  In  any  event,  the  nature  of  the  cues  and  of  the  flies'  initial 
responses  to  them  should  be  of  great  intrinsic  and  general  significance. 

In  various  sorts  of  population  cage  studies,  the  ability  to  monitor  death  will 
have  useful  applications.  For  example,  a  comparison  of  genotype  frequencies 
between  newly-emerged  and  newly-dead  flies  will  indicate  whether  the  population 
is  in  a  steady  state.  If  it  is,  comparison  of  genotype  frequencies  between  newly- 
dead  flies  and  the  general  population  can  indicate  whether  certain  genotypes  in- 
fluence longevity  and  therefore,  presumably,  fitness.  Indeed,  longevity  may  be  a 
critical  variable  in  the  operation  of  selection — and  perhaps  the  maintenance  of 
genie  polymorphism — -in  cage-  and  natural-populations. 

Of  course  the  death-vial  death  rate  is  apparently  just  over  half  the  overall 
death  rate,  and  it  may  well  be  a  variable  fraction,  at  that ;  but  if  conditions  can 
be  devised  which  increase  and  stabilize  this  fraction,  then  the  resultant  ease  of 
obtaining  death-rate  estimates  will  be  quite  valuable.  It  is  obviously  far  easier 
and  less  disruptive  to  monitor  death  vials  than  to  monitor  producing  culture  vials. 
Since  one  or  the  other  must  be  done  to  estimate  generation  time  (and  in  turn 
track  progress  toward  linkage  equilibrium,  for  example),  the  development  of 
conditions  favoring  the  death  vials  as  the  place  of  death  is  most  desirable. 


The  assistance  of  Judith  Barnes,  Jessica  Ingstad,  Lonnie  Kennedy,  Mary 
Kratoska,  and  Beverly  Pennell  is  gratefully  acknowledged.  This  work  was  sup- 
ported in  part  by  NIH  Grant  GM- 18967. 

SUMMARY 

More  than  half  the  flies  that  die  in  a  Drosophila  mclanogaster  population  cage 
do  so  in  empty  vials  if  they  are  provided.  Before  dying,  the  flies  exhibit  char- 
acteristic erratic  behavior ;  if  placed  in  uncrowded  conditions  they  are  fertile  and 
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they  live  for   several   weeks.     This  phenomenon   is   neither   light-dependent   nor 
exclusively  age-dependent.     Crowding  is  clearly  important. 

It  appears  that  the  healthier  flies  maintain  moving  territories,  keeping  others 
at  a  distance  and  thus  minimizing  crowding.  The  others  emigrate,  in  this  case 
into  a  resourceless  chamber,  so  that  socially-induced  emigration  becomes  socially- 
induced  death.  This  physiologically  unnecessary  death  is  viewed  as  a  component 
of  an  intrinsic  population-density-regulating  mechanism  in  Drosophila  inclano- 
gastcr,  and  presumably  in  many  other  organisms  that  have  no  fixed  territories. 
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HEMOCYTES  AND  COAGULATION  PROCESS  IN  THE 

MOLE-CRAB  EMERITA   (-.-HIPP  A)  ASIATIC  A 
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It  can  he  seen  from  previous  works  that  the  hemocytes  in  arthropods  described 
by  different  workers  in  this  field  do  not  lend  themselves  for  a  common  classifi- 
cation (see  literature  cited  in  Ravindranath,  1973,  1974a,  1974b)  to  enable  com- 
parisons of  their  structure  and  functions.  Previous  workers  (Jones,  1962; 
McLaughlin  and  Allen,  1965)  consider  that  classification  based  on  morphological 
features  of  the  cells  in  question  may  be  more  valid  than  any  based  on  their  physio- 
logical roles.  Different  functions  may  be  performed  by  the  same  cell  and  appar- 
ently different  structural  types  may  be  performing  similar  functions.  The 
classification  suggested  by  Jones  (1962)  for  insect  hemocytes  on  the  basis  of  the 
structural  features  was  found  to  be  applicable  to  other  groups  of  arthropods 
(Ravindranath,  1973,  1974a,  1974b).  It  would  be  of  interest  to  know  whether 
such  a  classification  can  be  extended  to  the  hemocytes  of  decapod  crustaceans,  in 
which  there  is  considerable  diversity  of  views  (Halliburton,  1885;  Hardy,  1892; 
Cuenot,  1895;  Bruntz,  1905;  Kollmann,  1908;  Tait  and  Gunn,  1918;  George  and 
Nichols,  1948;  Toney,  1958;  Dall,  1964;  Hearing  and  Vernick,  1967;  Wood  and 
Visentin,  1967;  Cheney,  1971  ;  and  Johnston,  Elder  and  Davies,  1973). 

There  is  also  divergence  in  the  views  of  authors  regarding  the  roles  hemocytes 
play  in  gelification  or  coagulation  of  plasma  in  arthropods  (Gregoire,  1970).  A 
number  of  authors  (Loeb,  1903;  Muttkowski,  1924:  Yeager,  Shull  and  Farrar, 
1932;  Yeager  and  Knight,  1933;  and  Beard,  1951),  believe  that  gelification  of 
plasma  is  initiated  by  a  factor  resulting  from  agglutination  of  hemocytes.  Beard 
(1951)  believes  that  coagulation  can  be  inhibited  by  keeping  all  hemocytes  in  a 
dispersed  state.  On  the  other  hand  experiments  carried  out  by  Gregoire  (1953) 
indicate  that  agglutination  of  cells  may  not  play  any  part  in  the  hemolymph 
coagulation.  The  above  author,  like  many  other  previous  investigators  (Hardy, 
1892;  Tait,  1911),  considers  that  the  contents  of  highly  unstable  explosive 
corpuscles  with  hyaline  cytoplasm  and  eccentric,  cart-wheel-like  nuclei  (corpuscles 
called  coagulocytes  or  explosive  corpuscles  or  cystocytes)  play  a  decisive  role  in 
gelification  of  hemolymph.  While  this  is  so,  a  number  of  recent  investigators, 
based  on  light  and  electron  microscopic  observations  (George  and  Nichols,  1948; 
Dumont,  Anderson  and  Winner,  1966;  Hearing  and  Vernick,  1967;  Moran,  1971  ; 
and  Scharrer,  1972)  have  attributed  the  function  of  hemolymph  coagulation  to 
granular  hemocytes,  which  differ  morphologically  from  the  explosive  corpuscles 
or  cystocytes  (see  Hardy,  1892;  Gregoire,  1970).  Although  direct  evidence  is 
lacking  to  show  that  dissolved  contents  of  the  granules  induce  coagulation,  Scharrer 
(1972.  p.  313)  states  that  ''there  remains  little  doubt  that  the  stepwise  transforma- 
tion of  the  special  cytoplasniic  inclusions  discussed  here,  culminating  in  the  release 
of  their  content  into  the  hemolymph,  play  a  decisive  role  in  clotting  process." 

286 
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In  view  of  the  above  findings,  an  attempt  has  been  made  in  the  present  study 
to  classify  the  hemocytes  of  Einerita  asiatica  before  determining  their  functional 
role  in  coagulation.  Such  a  step  may  obviate  the  difficulties  faced  by  previous 
workers  who,  on  account  of  the  terminology  adopted  by  them,  were  not  clear 
of  the  identification  of  the  hemocytes  involved  in  one  or  the  other  of  the 
functions  of  the  hemocytes. 

MATERIALS  AND  METHODS 

Specimens  of  the  mole-crab  Enierita  (--  Hip  pa}  asiatica  were  collected  at  low 
tides  from  the  shores  of  Madras  Beach,  opposite  University  Campus.  Immediately 
after  collection,  the  specimens  were  taken  to  the  laboratory  and  were  used  for 
the  investigation  within  six  hours.  The  animals  were  kept  in  containers  pre- 
viously filled  with  sand  obtained  from  the  collecting  area  and  were  provided  with 
sea  water.  The  size,  sex,  reproductive  and  molt  cycle  stages  were  recorded  prior 
to  collection  of  blood  samples.  The  stages  of  the  molt  cycle  were  identified  using 
the  criteria  suggested  by  Drach  (1939). 

Blood  samples  were  collected  by  cutting  the  first  walking  leg  of  the  animal. 
Observations  were  made  on  unfixed,  fresh  preparations  as  well  as  on  unfixed, 
stained  preparations.  The  stains  used  were  0.1%  aqueous  toluidine  blue  (BDH 
837530)  and  0.5%  aqueous  bromophenol  blue.  For  observations  of  living  cells 
by  phase  contrast  microscopy,  a  drop  of  blood  was  taken  on  the  glass  slide  and 
immediately  covered  with  a  cover  glass. 

Effects  of  temperature  on  the  morphology  of  the  hemocytes  as  well  as  on 
clotting  time  were  recorded  subsequent  to  immersing  the  animal  in  seawater  at 
various  temperatures  and  time  following  the  procedure  of  Yeager,  Shull  and  Farrar 
(1932).  Initially,  the  animals  were  individually  kept  immersed  in  sea  water  for 
one  minute  at  room  temperature.  Each  animal  was  taken  out.  the  water  was 
drained  and  wiped  off  with  filter  paper.  The  region  of  the  leg  to  be  cut  was 
particularly  carefully  wiped.  Care  was  taken  to  avoid  mixing  of  sand  particles  or 
sea  water  with  the  blood  sample. 

Analyses  were  carried  out  in  animals  immersed  for  one  minute  at  different 
temperatures  at  5°  C  intervals  from  5  to  45°  C.  In  subsequent  experiments  the 
immersion  time  was  prolonged  to  2,  5  and  10  minutes.  In  all  these  experiments 
the  temperature  was  maintained  in  a  water  bath.  Results  recorded  were  based  on 
six  experimental  animals  in  each  case. 

The  alterations  of  hemocytes  \vere  recorded  after  immersion  as  follows : 
a  stop  watch  was  set  at  the  time  of  cutting  the  tip  of  the  leg;  the  first  blood  drop 
was  then  placed  on  a  clean  slide  and  was  covered  with  a  coverslip ;  the  cells  were 
then  viewed  in  phase  microscopy  under  low  power,  which  facilitated  viewing  the 
alterations  of  about  120-200  cells  at  a  time;  and  the  final  time  was  recorded  when 
all  the  hemocytes  in  question  were  degranulated  and  disintegrated. 

The  clotting  time  was  determined  following  the  procedure  described  by  Peters 
and  Long  (1973).  The  first  drop  of  hemolymph  was  placed  immediately  on  a 
slide  and  clotting  time  was  determined.  The  slide  was  tilted  once  eacli  15  seconds, 
and  gelification  of  plasma  was  indicated  when  tilting  the  slide  no  longer  resulted  in 
conformational  change  of  the  drop. 

The  quick  tilt  technique  of  Stewart,  Dingle  and  Odense  (1966)  was  also  at- 
tempted. In  this  procedure  aggregation  and  agglutination  of  hemocytes  occurred 
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readily  and  the  plasma  gelification  was  much  delayed  when  compared  to  the  time 
obtained  with  the  previous  method. 

RESULTS 
General  Observations 

The  hemolymph  of  Eincrita  asiatica  is  a  clear  pale  straw-yellow,  watery  fluid. 
Occasionally  it  is  colorless.  When  a  drop  of  hemolymph  is  allowed  to  stand  at 
room  temperature  (28°  C),  the  fluid  transforms  into  a  gel  in  about  three  minutes. 
On  long  standing,  the  hemocytic  meshes  embedded  in  the  gel  darken.  Gelification 
of  plasma  is  known  to  be  brought  about  as  a  result  of  agglutination  of  hemocyte 
or  by  alterations  of  fragile  hyaline  hemocytes  (  —  coagulocytes,  "  cystocytes)  or  by 
disintegration  and  degranulation  of  coarse  granular  hemocytes.  Due  to  paucity 
of  information  regarding  the  morphology  and  functions  of  hemocytes  of  Eincrita 
asiatica.  the  morphology  of  hemocytes  had  to  be  studied. 

Morphology  of  hemocytes 

The  hemocytes  of  Emerita  asiatica.  can  be  divided  into  six  types  based  on  their 
morphology.  Each  cell  type  can  be  easily  distinguished  from  the  other  types.  The 
hemocytes  were  classified  using  the  classification  and  terminology  suggested  by 
Jones  (1962).  The  six  types  of  hemocytes  recognized  in  Eincrita  asiatica  are 
prohemocytes,  plasmatocytes,  granular  hemocytes,  cystocytes,  spherule  cells  and 
adipohemocytes.  The  general  characteristics  of  the  hemocytes  are  presented  in 
Table  I.  The  hemocyte  types  are  compared  with  those  of  other  decapods  in 
Table  II. 

Prohemocytes.  These  are  always  small,  mostly  round  to  ovoid  cells,  character- 
ized by  small  amounts  of  cytoplasm  and  the  nucleus  comprising  the  greater  amount 
of  the  cell  volume  (Figs.  1-4,  11).  The  size  of  these  cells  varies  from  7  to  11  /'.. 
These  cells  could  easily  be  seen  in  heat  fixed  preparations  of  male  at  intermolt, 
premolt  and  freshmolt  stages.  Occasionally,  morphological  variations  are  seen 
among  prohemocytes.  In  some  cases,  the  cytoplasm  may  be  smooth.  In  a  few 
cases  they  can  be  seen  with  refractile,  boat-shaped  granules  or  with  refractile 
spherules.  In  some  prohemocytes,  a  big  vacuole  can  be  observed  giving  a  signet 
ring  appearance  to  the  cells. 

Plasmatocytes.  These  are  rare  among  circulating  hemocytes ;  they  are  weakly 
basophilic  cells  and  exceedingly  variable  in  form  (Figs.  5,  6).  The  cytoplasm  con- 
tains few  non-refractile  fine  orthochromatic  granules.  Occasionally  they  send  out 
blunt  pseudopodia.  The  length  of  these  cells  varies  from  10  to  18  //,. 

Granular  hcmocytes.  These  are  basophilic  cells,  with  refractile  boat-shaped  or 
elliptical  granular  inclusions.  These  cells  vary  in  their  length  from  12  to  30  p 
(Figs.  7,  12).  The  nucleus  is  spherical,  homogeneous  and  centrally  situated.  Its 
presence  is  masked  by  the  mass  of  granules. 

The  morphology  of  the  granular  hemocytes  changed  significantly  when  a  drop  of 
blood  was  added  to  a  drop  of  toluidine  blue.  The  cells  swell  like  balloons,  the 
granules  tend  to  dissolve  and  become  finely  granular  (  Fig.  13).  The  fine  granules 
accumulated  towards  the  periphery  of  the  cells  and  exhibited  quick  jostling  move- 
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FIGURES  1-10.  Tlic  appearance  of  Kincritu  licmocytes  under  phase  contrast.  Figures 
show  prohemocytes ;  2  and  3,  vacuolated  prohemocytes ;  5  and  6,  plasmatocytes ;  7,  a  granular 
hemocyte  with  characteristic  granular  inclusions  and  one  vacuole;  8,  an  ovoid  cystocyte  with 
eccentric  cart-wheel-like  nucleus  and  vacuolated  cytoplasm  showing  fine  granules;  9,  a  spherule 
cell  with  characteristic  spherular  inclusions ;  and  10,  an  adipohemocyte  with  eccentric  nucleus 
and  various  sizes  of  fat-like  droplets  and  inclusions.  The  scale  bar  indicates  10  /JL. 
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ments.  The  cells  shrink  after  some  time.  The  nucleus  begins  to  lose  its  homogeneity, 
shape  and  size  (Figs.  14,  15).  Occasionally  these  cells  appear  to  he  binucleate. 

Cystocvtes.  These  are  highly  unstable  round  or  oval  basophilic  cells  with 
eccentric  and  cart-wheel-like  nuclei  (Fig.  8).  \Yithin  a  minute  of  removal  of 
hemolymph,  these  cells  disintegrate  and  cause  glassy  veils  in  the  plasma  sur- 
rounding them.  The  morphology  and  the  behaviour  of  cystocytes  recall  the  pat- 
tern of  coagulation  brought  about  bv  fragile  hyaline  hemocytes  or  coagulocytes  of 
some  insects  (Gregoire,  1951  ). 

During  the  alteration  of  cystocytes,  in  thin  wet  films,  the  nuclei  have  undergone 
considerable  change.  Initially  the  nucleus  of  a  cystocyte  is  ellipsoid  and  homoge- 
neous. Slowly  the  homogeneity  is  lost  and  a  fine  granular  network  is  seen  in  the 
nucleoplasm.  After  a  few  minutes,  the  nucleus  becomes  round  and  cart-wheel-like, 
indicative  of  nuclear  pycnosis  and  chromatic  disaggregation.  Associated  with  the 
structural  modifications,  the  affinity  of  the  nucleus  changes  for  the  reactive  groups 
of  the  dyes  bromophenol  blue  and  toluidine  blue.  At  initial  phase,  the  nucleus 
stains  yellow  with  bromophenol  blue  and  green  with  toluidine  blue.  Finally,  it 
stains  blue  with  the  acid  dye  and  purple  with  the  basic  dye.  The  changes  in  the 
stainability  of  the  nucleus  may  signify  alterations  in  the  reactive  groups  of  nucleic 
acids  and  nuclear  proteins. 

The  orthochromatic  cytoplasm  of  cystocytes  contains  fine,  refractile  and  (3- 
metachromatic  granules,  which  were  in  continuous  movement.  These  cells  range 
15  to  20  fi.  in  size. 

Spherule  cells.  These  are  round,  refractile  basophilic  hemocytes  with  many 
distinct,  uniformly  round,  acidophilic,  refractile  spherules  (Figs.  9,  10-20).  They 
range  in  their  width  from  12  to  22  p,.  They  do  not  disintegrate  or  breakdown  into 
intensely  hyaline  forms  in  thin  wet  films,  but  after  prolonged  exposures,  some  cells 
become  vacuolated  and  in  some,  the  refractile  spherules  fuse  together  (Fig.  20). 
They  do  not  anastomize  to  form  plasmodia. 

The  spherules  stain  dark  blue  with  bromophenol  blue.  But  in  phase  micros- 
copy, the  spherules,  soon  after  adding  the  dye,  show  a  green  color  which  sub- 
sequently become  purple.  The  immobile  nature  of  the  spherules  and  their  affinity  to 
aqueous  bromophenol  blue  distinguish  this  cell  type  from  other  hemocytes.  This  cell 
type  is  found  in  greater  numbers  only  in  postmolt  period. 

Adipohemocytes.  On  rare  occasions,  large  oval  basophilic  hemocytes  with  ec- 
centric nucleus  and  many  refractile  droplets  or  globules  of  various  sizes  have  been 
observed  in  the  hemolymph  of  Emerita  asiatica  (Fig.  10).  They  have  the  appear- 
ance of  small  fat-body  cells  in  insects.  They  measure  in  length  about  20-,^2  /*. 

Observations  made  on  hemocytes  of  various  size  groups,  sexes,  molting  and 
reproductive  stages  of  Emerita  asiatica  reveal  that  granular  hemocytes  and  cysto- 
cytes are  the  predominant  cell  types.  The  percentage  of  granular  hemocytes  in 
fresh  preparations  varies  from  (>0  to  75%,  whereas  that  of  cystocytes  varies  trom 
20  to  35%.  Other  cell  types,  though  rare,  are  driven  into  circulation  during  heat- 
fixation.  No  dividing  cells  were  observed  among  any  of  the  cell  types. 

When  the  hemolymph  is  observed  soon  after  collection,  the  explosive  nature 
of  the  cystocytes  can  be  observed.  They  cause  glassy  veils  in  which  other  cells 
may  get  attached.  It  was  noted  that  the  cystocytes  are  not  the  only  cell  type  to 
undergo  changes;  the  granular  hemocytes  do  likewise. 
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15  ?&! 

FIGURES  11-20.  Photomicrographs  of  Etncrita  hemocytes.  Figure  11  shows  a  prohemocyte, 
note  the  size  and  cytoplasm  :  nucleus  ratio.  The  scale  bar  indicates  10  /j..  Figure  12  shows  a 
hemocyte  after  prechilling,  note  the  well-spread  granular  hemocyte  with  ellipsoid  granules  and 
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Events  associated  with  coagulation 

Alterations  in  ijranitlar  licinocytcs.  Figures  13-15,  16—20  and  21-29  show  the 
alterations  undergone  by  granular  hemocytes  in  thin  wet  films  and  in  stained  prepa- 
rations. Individually  these  cells  exhibit  "atypical  amoeboid  motion"  similar  to  that 
exhibited  by  the  granular  hemocytes  of  an  insect  Blaberus  giganteus  (Arnold, 
1959,  1961).  This  process  involves  the  separation  of  the  cell's  cytoplasm  into  an 
outer  hyaline  ectoplasm  and  an  inner  retractile  granular  endoplasm.  Movement  is 
initially  accomplished  by  the  flow  of  cytoplasm  in  the  region  of  ectoplasm.  The 
flow  of  cytoplasm  thus  results  in  formation  of  blunt  pseudopodia  with  scalloped 
edges.  The  granular  endoplasm  did  not  stream  or  enter  the  pseudopodia  but  some 
turbulence  of  tension  seemed  to  occur  there.  It  merely  followed  the  advancing 
hyaline  ectoplasm  and  conformed  to  its  outlines.  These  outlines  became  modified. 
The  base  broadened  with  the  inflow  of  endoplasm,  the  pseudopodium  became 
lamellar,  and  subsequently  changed  completely  to  the  typical  amorphous  streaming 
pseudopodium.  Under  these  conditions,  vacuoles  appeared  in  the  center  of  granular 
endoplasm  and  the  boat-shaped  granules  began  to  lose  their  refractility  (Figs.  21- 
23).  Figure  12  reveals  a  granular  hemocyte  at  this  stage  with  numerous  pseu- 
dopodia and  refractile  vacuoles.  As  they  lose  their  refractility,  the  edges  of  these 
inclusions  are  sharp  black  and  the  enclosed  granular  space  bright. 

The  slow  cytoplasmic  movements  in  the  granular  hemocytes  are  associated  with 
haphazard  jostling  of  the  granules  within  the  small  areas  of  the  cells.  The  surface 
area  of  the  cell  begins  to  expand  to  thrice  the  original  cell  size.  Few  granules  that 
have  reached  the  ectoplasm,  continually  move  in  and  out  of  it  in  a  shuttling  motion. 
In  the  ectoplasm,  the  granules  circled  irregularly  as  individuals  or  as  small  chains 
that  percolated  in  and  out  through  an  apparent  meshwork  of  relatively  stationary 
granules,  which  themselves  occasionally  joined  in  the  action.  The  shuttling  granu- 
les slowly  dissolved  in  the  ectoplasm  and  disappeared.  The  enlarging  vacuoles 
pushed  the  endoplasmic  granules  to  the  periphery  of  the  cells,  where  they  dissolved 
quickly  (Figs.  24-27).  The  contents  of  the  vacuoles  were  liberated  into  the 
plasma  (Figs.  27-29),  finally  leaving  the  cytoplasmic  meshwork  (Fig.  29).  This 
facilitated  the  interlinking  of  hemocytes  and  the  agglutination  of  cells  of  the  same 
class. 

A  feature  of  interest  in  the  alteration  of  granular  hemocyte  is  that  it  is  initiated 
quickly  in  cells  which  are  in  the  vicinity  of  bursting  cystocytes  (Figs.  16-20).  The 
elastic  fiber  (resulting  from  bursting  of  a  cystocyte)  along  with  a  phase  dark  granule 
liberated  from  another  cystocyte  were  observed  to  reach  a  granular  hemocyte 
(Figs.  21-23)  prior  to  the  commencement  of  alterations  in  the  latter. 


vacuoles,  and  the  fine  pseudopodial  projections.  While  the  granules  have  lost  their  refractility, 
the  vacuoles  retain  theirs.  The  scale  bar  indicates  10  fi.  Figure  13  shows  granular  hemocytes 
in  toluidine  blue.  The  granules,  while  refractile,  do  not  take  up  the  stain  (gr)  :  note  the 
balloon-shaped  appearance  of  the  cell  and  the  dissolving  granules  (gr').  The  scale  bar  indicates 
10  /j..  In  Figures  14  and  15,  note  the  changing  shape  and  staining  affinity  of  the  nucleus  of  the 
shrunken  granular  hemocyte.  The  scale  bars  indicate  10  /a.  Figures  16  through  20  show  the 
alterations  of  granular  hemocytes  in  the  vicinity  of  burst  cystocytes  (after  immersion  of  the 
animal  in  sea  water  at  35°  C  for  five  minutes).  The  time  interval  between  each  exposure  is 
one  minute.  Note :  cy,  cystocytes ;  gr,  granular  hemocyte ;  and  sp,  spherule  cells.  The  change 
occurred  in  the  spherule  cell  in  Figure  20.  The  scale  bars  indicate  10  n. 
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Fna'RKS  21-29.  Photomicrographs  of  the  stepwise  alterations  in  the  gnnmlar  hemocytes 
(after  immersion  of  the  animal  in  the  sea  water  at  10  C  for  one  minute).  The  time  interval 
between  each  exposure  is  two  minutes.  Xote  :  cy,  cystocyte;  and  gr,  granular  hemocyte.  Tlie 
different  figures  sliow  vacuolixatioii,  loss  of  refractility  if  granules,  dissolution  of  granules, 
enlargement  and  fusion  of  vacuoles,  liberation  of  vacuolar  contents  into  plasma,  and  disintegra- 
tion and  anastomosis  of  cytoplasm.  Xote  a  cytoplasmic  filler  arising  from  the  cystocyte  con- 
necting to  the  granular  hemocyte.  The  arrows  in  Figures  21,  22,  and  23  show  the  movement  of 
a  phase  dark  granule  in  the  fiber.  The  granule  from  the  cystocyte  moves  and  reaches  the 
granular  hemocyte.  The  arrows  in  Figures  24,  25,  and  2o  show  the  jostling  granules  after 
losing  their  refractility.  Xote  their  dissolution  in  the  cytoplasm,  from  which  they  do  not 
emerge.  The  scale  liars  indicate  10  M- 


Similar  alterations  in  the  granular  hemocytes  were  also  observed  in  conglom- 
erates of  the  hemocytes.  While  complete  alterations  were  observed  in  the  cells 
found  in  the  periphery,  the  cells  inside  the  clusters  showed  different  stages  of  in- 
completeness. In  some  cells,  a  sudden  stoppage  of  the  movement  of  granules  was 
observed  while,  in  some  others,  the  granules  remained  retractile  for  more  than  an 
hour.  Similarly,  Gregoire  (1970,  Fig.  14)  observed  no  disintegration  or  de- 
granulation  in  the  clusters  of  granular  hemocytes  of  Limit! us  polyphemus.  The 
sudden  stoppage  in  the  movement  of  granules  calls  to  the  mind  the  observations  of 
1  larvey  (  1942)  on  the  movement  of  granules  during  cyclosis  in  the  cells  of  Nitclla. 
He  observed  that  any  sudden  decrease  or  increase  in  temperature  caused  a  shock 
stoppage  of  the  movement  of  granules. 

l:ffcct  of  temperature  on  alterations  <>j  t/ranular  liemocvtes.  To  determine 
whether  the  alterations  in  the  granular  liemocvtes  lead  to  coagulation  of  the  hemo- 
lymph,  attempts  were  made  to  investigate  whether  the  factors  known  to  influence 
the  coagulation  also  affect  the  alterations  in  the  liemocvtes.  (  hie  such  factor  that 
is  known  to  influence  clotting  time  is  temperature  (Dean  and  Ycrnberg, 
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The  effect  of  temperature  on  the  alterations  of  granular  hemocytes  is  shown  in  the 
graph  (Fig.  30).  The  time  interval  between  exposure  of  blood  and  cmnplete  dis- 
integration of  granular  hemocytes  is  recorded  after  immersion  in  a  seawater  bath 
at  the  various  temperatures  and  intervals  referred  to  earlier.  The  cells  are  fixed 
after  one-minute  immersion  at  45°  C.  Lowering  of  the  temperature  from  15°  C  to 
5°  C  results  in  progressive  delay  of  the  alterations  of  granular  hemocytes.  On  the 
other  hand,  the  rate  of  alterations  was  quickened  progressively  with  increasing 
temperature.  The  trend  in  the  temperature-dependent  alterations  of  granular 
hemocytes  remained  more  or  less  the  same  irrespective  of  the  time  interval  of  im- 
mersion. But,  the  time  taken  for  alteration  at  a  particular  temperature  decreased 
with  increasing  immersion  time  up  to  five  minutes.  The  delay  in  the  alteration 
of  granular  hemocytes  at  a  particular  temperature  after  one-minute  immersion 


Tempera  fur  e  °C 

FIGURE  30.  Shows  the  time  taken  for  alteration  of  the  granular  hemocyte  at  different 
temperatures  ;  observations  were  made  on  blood  samples  collected  after  immersing  the  animal 
in  sea  water  at  different  time  intervals.  Triangles  (A)  indicate  immersions  of  one  minute; 
squares  (B),  of  two  minutes;  dark  circles  (C),  of  five  minutes;  open  circles  (D),  of  ten 
minutes. 
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FIGURE  31.  Shows  the  time  taken  for  gelification  of  plasma  at  different  temperatures. 
Observations  xvere  made  on  blood  samples  collected  after  immersing  the  animal  in  sea  water 
for  five  minutes. 


probably  reflects  the  shock  response  of  the  animal  to  sudden  change  in  the  tem- 
perature of  the  environment.  The  animal  appears  to  recover  from  the  shock 
within  five  to  ten  minutes,  for  there  is  no  significant  dfference  in  the  time  taken 
for  the  alteration  at  any  temperature  after  five-  and  ten-minute  immersions. 

On  the  contrary,  the  clotting  times  recorded  at  different  temperatures  show  an 
opposite  trend  (Fig.  31).  It  \vas  noted  that  the  times  taken  for  gelification  of 
plasma  increase  with  temperature,  and  here  the  agglutination  of  hemocytes  did  not 
precede  plasma  gelification. 

DISCUSSION 

The  observations  reported  in  the  present  study  on  the  hemocytes  of  Etnerita 
asiatica  solve  a  long  standing  confusion  in  the  nomenclature  of  decapod  crustaceans 
(Table  II)  and  enable  comparison  of  different  types  of  hemocytes  of  crustaceans 
with  the  hemocyte  types  of  other  arthropods.  Absence  of  mitotically  dividing  cells 
in  the  plasma,  occurrence  of  differences  among  prohemocytes  and  the  wide  size 
range  of  different  major  hemocyte  types  support  the  view  put  forward  earlier 
(Ravindranath,  1973,  1974a,  1974b,  1974c)  that  prohemocytes  may  be  the  pro- 
genitors of  the  various  major  cell  classes. 

One  of  the  striking  features  in  the  composition  of  the  hemocytes  of  Emerita 
asiatica  is  the  predominance  of  one  cell  type,  the  granular  hemocyte.  Such  a  fea- 
ture is  not  uncommon  among  decapods  and  king-crabs  (see  Schulz  1925;  George 
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and  Nichols,  1^48;  Dumont,  Anderson  and  \Yinner,  19(>(>).  An  interesting  aspect 
of  the  granular  hemocvte  is  the  nature  of  granular  inclusions,  which  are  refractile 
and  1  mat-shaped.  Such  inclusions  are  also  present  in  the  granular  hemocytes  in 
insects,  Carausiiis  inorosiis  (Millara,  1947.  PI. Ill  Figs.  2  and  3),  Locusta  mlgra- 
toria  (Hoffmann,  1(>(>/  ).  I-iliibcrus  <iiscoi</a/is,  B.  tj'ujantcns  and  Lcitcophaca  inadcrac 
(Arnold,  1(>72,  Figs.  105  and  123);  and  also  in  Pcripatns  sf>.  (Gregoire,  1955, 
Figs.  5  and  6);  in  chilopods,  Lithobius  ^orficutns  (Gregoire,  1970);  arachnids, 
Liniiiliis  polyplicnuts  (Gregoire,  1955,  Figs.  7  and  14;  Duniont,  Anderson  and 
Winner,  19(>(>);  and  in  several  species  of  scorpions  ( Kollmann,  1908;  Ravin- 
dranath.  l('74a).  But  stich  a  cell  type  does  not  fall  into  any  one  of  the  categories 
of  hemocytes  classified  hy  Jones  (  19(>2  ). 

Another  feature  of  interest  is  that  the  prohemocytes,  plasmatocytes,  spherule 
cells  and  adipohemocytes  are  rare  in  fresh  preparations  hut  common  in  heat-fixed 
preparations.  Jones  (1(">2)  has  suggested  that  this  method  of  preparation  drives 
the  hemocytes  into  circulation  from  the  sites  of  their  accumulation.  It  is  also 
possible  that  this  method  may  alter  the  morphology  of  cell  types. 

It  is  known  that  the  clotting  or  coagulation  of  the  blood  of  arthropods  consists 
of  two  physiologically  distinct  processes  which  can  occur  independently  or  together: 
initially  hemocvte  agglutination  or  cell  coagulation  occurs  and  this  may  be  followed 
by  gelirkation  of  the  plasma,  termed  plasma  coagulation  (Gregoire  and  Tagnon, 
19f>2).  In  Enii'i'ita  asiafica,  the  hemocvte  coagulation  and  plasma  gelification  occur 
independently.  The  hemocytes  remain  in  a  dispersed  state  when  plasma  gelifica- 
tion has  occurred.  This  finding  derives  support  from  the  observations  of  Gregoire 
(1953).  In  insects,  he  suggested  that  gelification  of  plasma  is  initiated  by  cysto- 
cytes.  The  observations  made  here  and  by  Jones  (1('(>2)  support  this  view. 
They  reveal  that  cvstocytes  undergo  changes  within  a  minute  or  two  of  exposure, 
irrespective  of  the  temperature  differences.  Similar  findings  were  reported  in  the 
works  of  Hardy  (  18C>2)  and  Gregoire  and  Tagnon  (  1(><>2). 

The  plasma  gelifies  swiftly  at  colder  temperatures,  a  finding  which  closely 
parallels  the  reports  of  Peters  and  Long  (1973)  but  which  is  in  contradiction  to 
the  results  of  Dean  and  Yernberg  (19(>(>)  and  Joshua,  Fischl,  Henig,  I  shay  and 
Gitter  (1973).  This  trend  in  gelification  in  relation  to  different  temperatures  is 
quite  opposite  to  that  of  the  alterations  of  granular  hemocytes. 

These  findings  are  in  accordance  with  those  of  Hardy  (1892,  p.  170),  who  ob- 
served in  Astacus  that  "the  eosinophil  cells  (or  granular  hemocytes)  remained  un- 
changed and  alive  for  a  considerable  time  after  the  blood  has  clotted."  In  the 
same  animal,  Tait  and  Gunn  (  1'HS)  have  also  reported  that  no  coagulation  follows 
the  cytolysis  of  the  eosinophi]  amoebocytes  (==  granular  hemocytes)  which  occurs 
after  cytolysis  of  explosive  corpuscles  (=cystocytes).  Gregoire  (1970)  likewise 
reported  that  gelification  occurred  when  all  the  hemocytes  (except  cystocytes)  had 
still  retained  most  of  their  granules  intact.  All  these  observations  cast  doubt  on 
the  direct  role  of  granular  hemocytes  in  coagulation. 

The  stepwise  alterations  of  the  granular  hemocytes  lead  to  cellular  agglutination 
or  plasmodial  formation.  This  kind  oi  cellular  agglutination  is  an  independent  pro- 
cess in  E.  asiatico  and  does  not  lead  to  plasma  gelification,  but  takes  place  subse- 
quent to  it.  Hemocvte  agglutination  was  reported  in  other  crustaceans  (see  Table 
I  of  Gregoire  and  Tagnon,  19(>2)  and  also  in  Lininliis  polyphevmis  (  Loeb,  1903; 
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Copley,  1947;  Kenney,  Belamarich  and  Shepro,  1972).  All  these  authors  have 
shown  that  low  temperatures  retard  the  aggregation  and  agglutination  of  Limulus 
granular  hemocytes.  Kenney  et  al.  (1972)  have  suggested  that  the  aggregation- 
promoting  factor  is  heat-labile.  Similarly  the  temperature-dependent  alterations  of 
granular  hemocytes  of  Emcrlta  asiatica  suggest  that  the  factor  promoting  the  al- 
terations of  the  granular  hemocytes  may  also  be  heat-labile.  Further,  the  observa- 
tions made  in  the  present  study  (Figs.  21-22)  indicate  that  the  factor  in  question 
may  be  liberated  from  cystocytes.  In  this  regard  the  observation,  that  the  first 
signs  of  alteration  of  granular  hemocytes  occur  only  in  the  vicinity  of  cystocytes,  is 
of  considerable  significance. 

It  appears  in  the  light  of  the  present  investigation  that  cystocytes  may  perform 
two  functions:  (1)  they  promote  plasma  gelification,  and  (2)  they  initiate  the  step- 
wise  transformation  of  granular  hemocytes,  which  in  turn  leads  to  agglutination  of 
cells  and  to  the  formation  of  a  meshed  network.  The  significance  of  the  dissolution 
of  the  granules  is  not  clear  at  present. 

Another  interesting  feature  observed  in  the  present  study  is  the  similarity  in  the 
changing  pattern  of  nuclei  of  both  cystocytes  and  granular  hemocytes.  A  strikingly 
parallel  feature  was  reported  among  the  explosive  corpuscles  (=  cystocytes)  and 
eosinophil  corpuscles  (=  granular  hemocytes)  of  Astacus  by  Hardy  (1892,  p.  169), 
who  observed  that  "the  nucleus  (of  eosinophil  corpuscle)  comes  into  view  and  ac- 
quires that  intense  distinctness  which  we  noticed  as  such  a  remarkable  features  of 
the  rigor  mortis,  or  clotting,  of  the  nuclei  of  the  explosive  corpuscles."  Dumont, 
Anderson  and  Winner  (1966)  traced  the  changes  that  take  place  in  the  nucleus 
ultrastructurally.  Although  the  significance  of  the  changes  that  occur  in  the  nucleus 
of  these  cell  types  is  not  clear,  the  similarity  in  the  behaviour  of  the  nuclei  in  both 
these  cell  types  suggests  an  ontogenic  relationship  between  them. 
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SUMMARY 

1 .  The  hemocytes  of  Emcrita  asiatica  have  been  studied  in  fresh  preparations  by 
phase  contrast  microscopy  and  also  after  staining. 

2.  With  phase  contrast  microscopy,  the  following  categories  of  hemocytes  can 
be  identified:  (a)  nondividing  prohemocytes,  (b)  pleomorphic  plasmatocytes,   (c) 
intact  and  altering  granular  hemocytes,   (d)   quickly  lysing  cystocytes,    (e)    intact 
spherule  cells,  and  (f)  adipohemocytes. 

3.  This  classification  and  terminology  solve  a  long  standing  confusion  in  the 
nomenclature  of  hemocytes  of  decapods  and  enable  comparisons  between  the  differ- 
ent hemocyte  types  of  crustaceans  and  the  hemocyte  types  of  other  arthropods  to  be 
made. 


300  M.  H.  RAVINDRANATH 

4.  Cystocytes  and  granular  hemocytes  constitute  more  than  95 %  of  the  henio- 
cytes. 

5.  In  thin  wet  alms,  the  granular  hemocytes  undergo  alterations  which  include 
loss  of  shape,  retractility  and  granules,  followed  by  vacuolization  and  disintegration 
leading  to  agglutination  of  the  cells. 

6.  The  alterations  of  the  granular  hemocytes  are  temperature-dependent,  and 
lowering  of  the  temperature  results  in  progressive  delay  of  the  alterations. 

7.  There  is  no  correlation  between  alteration  of  granular  hemocytes  and  clotting- 
time   at    different    temperatures.      At    lower    temperatures,    gelification    of    plasma 
occurs  when  the  granular  hemocytes  remain  unaltered.     The  observations  reveal 
that  the  granular  hemocytes  may  not  play  any  role  in  gelification  of  plasma. 

8.  Further,  the  process  of  cellular  agglutination  does  not  play  any  part  in  the 
phenomenon  of  plasma  gelification.  unlike  this  process  in  insects  as  reported  by 
Gregoire. 

9.  Cystocytes,  which  have  been  referred  to  as  explosive  corpuscles  by  previous 
crustacean  workers,  disintegrate  within  a  minute  or  two  of  exposure  at  all  tem- 
peratures.    Evidence  supports  their  role  in  plasma  gelification. 

10.  The  observations  also  indicate  that  the  substances  liberated  from  the  cysto- 
cytes  initiate  the  stepwise  transformation  of  granular  hemocytes. 
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The  blood  plasma  of  elasmobranchs  is  isosmotic  or  slightly  hyperosmotic  to  sea 
water,  but  ions  account  for  only  part  of  its  osmotic  concentration,  a  large  fraction 
being  made  up  by  urea  and  trimethylamine  oxide  (Holmes  and  Donaldson,  1969). 
These  nitrogenous  compounds  are  also  present  in  high  concentration  in  muscle 
(Smith,  1929;  Dyer,  1952). 

In  this  paper  an  attempt  is  made  to  outline  the  sea  water-plasma  and  plasma- 
muscle  steady  states  by  comprehensive  analyses  of  muscle  and  plasma  of  specimens 
of  the  spiny  dogfish  Squalns  acanthias.  Measurements  of  osmotic  concentration 
of  plasma  and  muscle  have  been  made  and  compared  with  the  sum  of  analyzed 
constituents,  values  of  the  latter,  first  obtained  as  milligram-ion  or  millimolar  con- 
centrations per  kilogram  solvent  water,  being  converted  to  milliosmoles  by  the  ap- 
propriate osmotic  coefficients.  Imprecision  arises  here  owing  to  lack  of  knowledge 
of  some  coefficients,  and  because  of  the  possibility  that  some  of  the  constituents  may 
be  bound  to  protein,  exerting  little  osmotic  effect.  Some  idea  of  the  amount  of  ion- 
binding  in  muscle  has  been  obtained  by  analyses  of  the  juice  expressed  from  muscle 
by  a  tissue  press  or  obtained  by  ultracentrifugation.  Estimates  have  also  been 
made  of  the  extracellular  space  in  muscle,  thus  enabling  intracellular  concentrations 
to  be  calculated. 

MATERIALS  AND  METHODS 

Specimens  of  Squalns  acanthias  were  caught  by  trawl  in  the  Firth  of  Clyde  and 
were  kept  in  tanks  of  flowing  sea  water.  Salinity  during  several  summer  periods 
varied  from  32.2-33.4/cc  (18.20-18.88  g  Cl/liter)  with  temperatures  of  9-12°  C. 
After  stunning  the  fish,  blood  was  withdrawn  by  syringe  or  pipette  under  liquid 
paraffin  from  the  heart  and  placed  in  centrifuge  tubes  kept  in  a  beaker  of  crushed 
ice.  After  centrifugation,  the  plasma,  still  under  paraffin,  was  removed  and  used 
for  analysis.  Samples  of  white  parietal  muscle  were  taken  from  the  dorsal  and 
lateral  region  of  the  tail  just  behind  the  second  dorsal  fin  (epaxial  muscles).  After 
light  blotting  with  filter  paper,  separate  samples  were  used  for  cations  ( ashing  at 
550°  C  in  the  presence  of  sulphuric  acid),  determination  of  dry  weight  and  the 
preparation  of  trichloroacetic  extracts,  tungstic  acid  extracts  and  zinc  hydroxide 
extracts. 

Methods  for  the  analysis  of  Na,  K,  Ca,  Cl  and  SO4  of  muscle  and  plasma  were 
essentially  those  of  Robertson  (1949,  1960)  with  appropriate  modifications  for  the 
lower  concentration  of  ions  in  elasmobranchs.  Magnesium  was  estimated  by 
Heagy's  (1948)  method.  Some  of  the  analyses  for  Ca  were  done  by  atomic  absorp- 
tion spectrophotometry ;  interference  by  phosphate  in  the  Ca  estimation  of  muscle 
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and  muscle  juice  \vas  suppressed  by  luntlianum  chloride  at  a  final  concentration  in 
the  solution  investigated  of  \%  La  ions.  Lactate  of  plasma  and  muscle  was  deter- 
mined in  trichloroacetic  acid  nitrates  (  Hullin  and  Xoble.  1953). 

Ice-cold  trichloroacetic  acid  muscle  filtrates  were  used  immediately  for  phosphate 
fractionation  (Umbreit,  Burris  and  Stauffer,  1949),  the  phosphorus  of  the  fractions 
being  determined  according  to  Sumner  (1944),  and  for  determination  of  free  and 
bound  creatine  (  Ennor.  1957  ).  TCA  filtrates  were  also  used  for  analysis  of  betaine 
and  trimethylamine  oxide  (  Kermack,  Lees  and  Wood.  1955).  For  betaine  gravi- 
metric estimation  of  the  mixed  reineckates  of  those  two  compounds  was  substituted 
for  colorimetry. 

This  was  done  in  porosity  4  filter  crucibles  closed  with  rubber  bungs.  Mc- 
Ilvaine's  buffer  solution  of  pH  2.2  was  saturated  with  ammonium  reineckate,  and 
further  saturated  with  the  salts  of  the  two  compounds  by  adding  a  little  betaine- 
HC1  and  TMAO-HC1  in  solution.  Twenty  ml  of  the  filtered  solution  were  used, 
to  which  was  added  1-2  ml  of  the  muscle  or  plasma  filtrate.  After  mechanical 
stirring  for  5-(>  minutes,  the  crucibles  were  left  covered  for  00  minutes  at  room 
temperature.  After  filtration  the  precipitate  was  washer!  thoroughly  with  n-pro- 
panol  saturated  with  betaine  and  TMAO  reineckates;  in  the  first  washing  the 
precipitate  was  suspended  and  stirred  with  about  15  ml  of  the  washing  solution, 
the  crucible  being  closed.  Finally,  the  precipitate  was  dried  with  ether  and  the 
crucible  weighed  after  20  minutes  in  a  desiccator.  From  the  previously  determined 
TMAO  content  of  the  filtrate  and  the  molecular  weight  of  TMAO-reineckate, 
393.49,  the  amount  of  this  compound  in  the  precipitate  is  found.  Any  excess  of 
precipitate  is  taken  to  be  betaine  reineckate,  molecular  weight  435.53,  from  which 
betaine  is  calculated. 

In  the  TMAO  analysis  formaldehyde  was  added  to  hold  back  ammonia  during 
the  micro-diffusion  of  the  trimethylamine.  Tungstic  acid  filtrates  were  used  in  the 
estimation  of  the  a-amino  N  of  the  free  amino  acids  of  muscle  and  plasma  (Frame, 
Russell  and  Wilhelmi,  1943;  Russell,  1945),  and  of  creatinine  of  muscle  and 
plasma  (Owen,  Iggo,  Scandrett  and  Stewart.  1(>54). 

Micro-diffusion  techniques  ( Conway,  1962)  were  used  in  estimating  bicarbonate 
and  ammonium  ions,  urea  (after  urease )  and  total  nonprotein  X  (after  micro- 
Kjeldahl).  Tungstic  acid  filtrates  were  used  for  muscle  and  for  the  NPN  of 
plasma,  but  the  two  ions  and  urea  of  plasma  were  analyzed  directly.  Zinc  hy- 
droxide filtrates  were  used  in  the  determination  of  glucose  ( glucose-oxidase  method 
with  Boehringer's  Biochemica  Test  reagents)  and  of  glycerol  (  Lambert  and  Xeish, 
1950). 

Water  contents  were  obtained  by  measuring  the  difference  between  fresh  and 
dry  weights,  plasma  samples  being  dried  for  4  hr  and  muscle  for  24  hr  at  100- 
101°  C. 

A  few  measurements  of  extracellular  space  in  muscle  were  obtained  by  injecting 
a  solution  of  inulin  in  sea  water  intraperitoneallv  and  taking  samples  of  blood  and 
muscle  14-22  hr  afterwards.  Inulin  was  estimated  by  measuring  the  fructose  ob- 
tained after  hydrolysis  (Roe,  Epstein  and  Goldstein,  1949). 

The  Krogh-Baldes  pressure  method  (Krogh,  1939,  p.  211  )  was  used  to  mea- 
sure total  concentration  (  milliosmoles  )  of  plasma  and  muscle  juice,  the  juice  being 
obtained  with  a  small  tissue-press  (Krogh,  1938).  Most  measurements  of  the 
juice  were  made  within  1.25  hr  of  removing  the  muscle,  thus  minimizing  changes 
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due  to  breakdown  of  labile  compounds.  The  osmotic  concentration  of  the  plasma 
and  sea  water  was  determined  in  specimens  which  had  been  equilibrated  for  24  hr 
in  water  of  constant  chloride  content. 

Some  analyses  of  ion  were  made  on  the  muscle  juice,  and  on  fluid  centrifuged 
from  muscle.  Centrifuging  was  done  at  40,000  g  (18,000  rpm)  for  30-40  minutes 
at  0°  C  in  polypropylene  tubes.  From  20  g  muscle  5-6  g  of  centrifuged  fluid  of 
water  content  88-89%  could  be  obtained,  leaving  the  residual  muscle  with  about 
68-70%  water. 

The  following  osmotic  equivalence  data  are  used  (Robinson,  1954;  Robinson 
and  Stokes,  1965).  A  sea  water  of  chlorinity  18/cr-,  and  salinity  32.52%c  is 
equivalent  to  0.5263  molal  NaCl  with  a  concentration  of  970  milliosmoles.  At 
20°  C  this  sea  water  has  a  chloride  concentration  of  18.41  g  Cl/liter. 

Much  of  this  work  was  done  at  the  Millport  Marine  Station  of  the  Scottish 
Marine  Biological  Association,  before  the  move  of  the  laboratory  to  its  new  site  at 
Dunstaffnage,  Oban. 

RESULTS 
Osmotic  concentration  of  blood  and  muscle 

Seven  measurements  of  the  osmotic  concentration  of  plasma  and  of  the  juice 
expressed  or  centrifuged  from  muscle  were  made  in  Sqiialns  (Table  I).  The 
plasma  was  hyperosmotic  to  sea  water  by  0.3-5.2%  and  in  six  out  of  the  seven, 


TABLE  I 

Osmotic  concentration  of  blood  and  muscle  of  Squalus 
(niilliosnwles  per  kg  water). 


No.  and  sex 

Sea  water 

Blood  plasma 

Muscle  juice 

Plasma  as 

%  sea  water 

Muscle  juice 
as  %  plasma 

1 

964 

1005 

997  (0.5  hr) 

+  104.3 

99.2 

2 

968 

989 

1019  (0.5  hr) 

+  102.2 

103.0 

3 

970 

985 

1006  (0.5  hr) 

+  101.5 

102.1 

4 

968 

971 

1018  (1.2  hr) 

+  100.3 

104.8 

5 

964 

997 

1013  (1.25  hr) 

+  103.4 

101.6 

6 

958 

1008 

1087  (2.5  hr) 

+  105.2 

107.8 

Mean 

965 

993* 

1023f 

102.8 

103.1 

S.E. 

±1.8 

±5.6 

±13.2 

±0.75 

±1.2 

9 

1 

979 

991 

1030  (1.5  hr) 

101.2 

103.9 

2 

983 

1004 

— 

102.1 

— 

3 

983 

1026 

— 

104.4 

—  . 

Mean 

982 

1007 

— 

102.6 

— 

S.E. 

±1.4 

±10.1 

•  —  • 

±0.95 

— 

Figures  in  parentheses  are  times  between  removal  of  muscle  and  completion  of  estimation. 
Muscle  juice  was  obtained  by  tissue  press  from  the  6cf  d",  by  means  of  the  ultracentrifuge  in  the  9  . 
*  Significantly  different  from  sea  water  by  /-test  (P  <  0.01). 
f  Not  significantly  different  from  plasma  (P  >  0.05). 
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the  muscle  juice  was  hyperosmotic  to  the  plasma.  While  the  first  difference  is 
statistically  significant  (for  the  6  <$  specimens)  the  second  is  not,  owing  to  the 
considerable  variation.  There  is  a  tendency  for  the  muscle  juice  to  be  more 
hyperosmotic  the  longer  the  completed  time  for  preparation  and  estimation.  Thus 
the  2.5  hr  value  of  107.8%  that  of  the  plasma  is  outside  the  mean  +  2  S.D.  of  the 
remaining  5  values  ( 106.2%)  done  within  1.25  hr.  The  higher  values  in  the 
muscle  juice  are  most  probably  due  to  some  breakdown  of  labile  constituents  such 
as  creatine  phosphate. 

Inorganic  ions 

Composition  of  plasma  and  wJiolc  muscle.  Three  comparisons  of  plasma, 
muscle  and  sea  water  showed  fairly  broad  agreement,  and  the  means  are  given  in 
Table  II.  The  sum  of  ions  investigated  in  the  plasma  came  to  51-59%  of  that  in 

TABLE  II 
Ionic  composition  of  plasma  and  icliole  muscle  in  3  c?  specimens. 


mg-ions  per  kg  water 

Water 
(g  per  1 
or  g 
per  kg) 

Na 

K 

Ca 

Mg 

Cl 

S04 

Lactate 

Total 
P* 

Total 

Plasma 

296 

7.2 

2.95 

3.48 

276 

3.11 

7.2 

2.37 

595  f 

959 

S.D. 

24.4 

1.8 

0.30 

1.34 

21.6 

-  — 

•  —  • 

— 

41 

7 

Muscle 

42.4 

1  1  9 

2.09 

12.9 

35.9 

1.24 

23.8 

91.3 

329 

761 

S.D. 

9.7 

14.6 

0.45 

1.57 

5.7 

0.35 

13.4 

14.9 

28 

23 

Sea  water 

453 

9.6 

9.9 

51.6 

529 

27.3 

— 

— 

1080 

989 

*  m^-atoins. 

t  This  total  is  slightly  different  from  addition  of  mean  plasma  values  (598),  owing  to  absence 
of  figures  Jor  SO<,  lactate  and  total  P  for  one  specimen. 

sea  water.  The  six  major  ions  of  the  plasma  are  lower  than  the  corresponding 
ions  in  sea  water,  the  mean  magnesium  and  sulphate  levels  being  7-11%  of  those 
in  the  surrounding  water.  Sodium,  chloride  and  potassium  levels  are  relatively 
much  higher  at  52-75%,  while  calcium  is  only  30%. 

In  muscle  the  total  concentration  of  ions  is  rather  more  than  half  that  of  the 
plasma.  The  increased  potassium  and  magnesium  of  muscle,  about  17  and  4 
times  plasma  values,  are  offset  by  lower  concentrations  of  sodium  and  chloride, 
which  are  about  a  seventh  and  an  eighth  of  those  in  the  plasma.  The  acid-soluble 
phosphorus  of  muscle,  with  a  mean  of  91  mg-atoms,  is  present  as  various  phosphate 
compounds  which  act  as  anions ;  these  are  considered  further  below  (see  Table 
VIII).  No  special  precautions  were  taken  in  the  estimation  of  lactate,  so  that  the 
values  may  be  higher  than  in  vivo.  A  lower  plasma  concentration  of  2.9  mg-ions 
was  found  in  a  female  specimen. 

Apparent  extracellular  spaces  in  muscle  ami  intracclliilar  ionic  concentrations. 
Intracellular  concentrations  of  ions  in  muscle  could  be  calculated  if  the  extra- 
cellular space  were  known.  The  technique  of  incubating  strips  of  muscle  in  a 
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TABLE  111 

Apparent  extracellular  spares  in  nuisdc  (concentrations  as  percentages  of  those  in  plasma,  on  water 

content  basis)  and  mliiilated  intracellular  chloride  (based  on  innlin 

injection  experiments). 


Specimen 

Extracellular  spaces  as 
per  cent  total  muscle  water 

Chloride 
mg-ions  per  kg  water 

Time  allowed 
for  inulin 

Inuliii 

Chloride 

Plasma 

\Yholr  mil  -ill- 

Muscle  cells 

hr 

rf1 

13.22 

13.84 

309 

42.8 

2.3 

15 

<? 

18.18 

24.33 

345 

83.8 

25.8 

19 

C? 

4.31 

13.90 

283 

39.4 

28.4 

22 

9 

14.75 

22.42 

271 

60.7 

24.3 

14 

Mean 

12.62 

18.62 

302 

56.7 

20.2 

— 

S.E. 

±2.95 

±2.77 

±16.4 

±10.2 

±6.0 

Ringer  solution  containing  inulin  as  used  for  determination  of  extracellular  space 
in  amphibian  and  rat  muscle  (Ling  and  Kromash,  1966)  proved  valueless  for  dog- 
fish muscle,  even  with  the  animal's  own  plasma  as  medium.  Chloride  values  in  the 
muscle  rose  to  2-3  times  their  initial  values  after  6-11  hr  at  10°  C,  although  the 
inulin  spaces  remained  at  about  a  third  of  the  chloride  spaces. 

Some  estimates  were  obtained  by  injecting  a  solution  of  inulin  in  sea  water  into 
4  animals,  and  measuring  the  inulin  and  chloride  concentrations  of  plasma  and 
muscle  after  14-22  hr  (Table  III).  The  mean  inulin  space  was  about  two-thirds 
that  of  the  chloride  space,  indicating  that  some  chloride  is  present  inside  cells,  but 
the  calculated  intracellular  values  are  rather  variable,  2.3-28.4,  with  a  mean  of  20.2 
mg- ions/kg  cell  water.  Most  of  the  whole  muscle  and  plasma  chloride  concentra- 
tions of  these  specimens  are  higher  than  those  in  Table  II,  the  mean  muscle 
chloride  space  of  the  latter  being  13.02%,  compared  with  18.62%.  If  the  inulin 
space  as  measured  was  used  to  calculate  the  intracellular  ionic  concentrations  of 
the  specimens  in  Table  II,  there  would  be  no  chloride  inside  the  cells.  To  get  an 
approximate  idea  of  average  intracellular  concentrations  in  these  specimens  it  would 
seem  appropriate  to  use  the  ratio  inulin/chloride  of  12.62/18.62  and  apply  it  to  the 
13.02%  chloride  space.  On  this  basis  the  extracellular  space  would  be  8.82%  and 
Table  IV  gives  the  calculated  intracellular  values.  These  are  obtained  from  the 

TABLE  IV 

Intracellular  composition  of  muscle  compared  with  plasma  (calculated  from  data  of 
Table  II  and  an  extracellular  space  of  8.82%  muscle  water. 


mg-ions  per  kg  water 

Na 

K 

Ca 

Mg 

Cl 

SO  4 

P* 

Total 

Muscle  cells 

17.9 

130 

2.01 

13.8 

12.7 

1.06 

100 

277 

Plasma 

296 

7.2 

2.95 

3.48 

276 

3.11 

2.37 

591 

muscle 

0.060 

18.1 

0.68 

4.0 

0.046 

0.34 

42.2 

0.47 

plasma 

mg-atoms. 
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whole  muscle  analyses  of  Table  II  by  subtracting  values  of  plasma  ions  in  88.2  g 
of  the  total  muscle  water  from  the  ionic  concentrations  of  whole  muscle,  and  re- 
calculating the  intracellular  concentrations,  now  in  911.8  g  water,  to  a  kg  water 
basis. 

These  intracellular  concentrations  show  the  normal  pattern  of  high  potassium 
and  phosphate,  and  low  sodium  and  chloride  of  muscle  cells.  Potassium  and 
magnesium  are  the  only  cations  to  become  concentrated  in  the  cells,  the  former 
to  eighteen  times  and  the  latter  to  four  times  the  level  in  the  plasma.  Cellular 
sulphate  and  calcium  remain  low,  calcium  at  about  a  seventh  of  the  magnesium 
concentration.  The  ratios  of  Kj/K0  and  Cl,,/Clj  are  respectively  18.1  and  21.7. 

Afitsclc  juice.  The  pale  fawn  juice  centrifuged  or  pressed  from  muscle  has  an 
ionic  composition  similar  to  that  of  whole  muscle  when  the  analyses  are  given  on 
a  kg  solvent  water  basis,  the  only  marked  differences  being  in  their  lower  Ca 
(—43%}  and  Mg  (  —  19.5%)  values  (Table  V).  Similarly  the  muscle  juice  and 


TABLE  V 

Coin  position  of  muscle  juice,  centrifuged  or  pressed  muscle  and  ivliolc  muscle 
\jng-ions  (HIM)  per  kg  solvent  ii<atcr~\. 


Ion 

Whole  muscle 

Muscle  juice 

Centrifuged  or 
pressed  muscle 

Difference 

Difference 

Whole 

muscle  — 
muscle 

/-test 

Centrifuged 
muscle  — 
muscle 

/-test 

juice 

juice 

Na 
K 
Ca 
Mg 
Cl 

42.5     ±9.1     (5) 
128         ±8.0     (6) 
2.h()  ±  0.56  (5) 
1  I..H1   ±  0.')4  (5) 
41.')     ±  7.6     (6) 

40.1     ±8.9     (5) 
124        ±  7.5     (6) 
1.49  ±  0.3.H  (5) 
9.51  ±  0.76  (5) 
44.9     ±  7.5     (6) 

43.4     ±  9.3     (5) 
132         ±8.9     (r>> 
3.06  ±  0.64  (5) 
13.41   ±  0.90  (5) 
40.4      ±  7.9      (6) 

2.40 
3.7 
1.11 
2.31 
-2.98 

3.27*  (2.78) 
2.24     (2.57) 
5.25*  (2.78) 
4.00*  (2.78) 
2.71*  (2.57) 

3.36 
7.7 
1.58 
3.90 
-4.43 

3.24*  (2.78) 
2.33     (2.57) 
5.31*  (2.78) 
8.63*  (2.78) 
3.72*  (2.57) 

*  The  mean  difference  between  the  paired  observations  is  significant  at  P  =  0.05,  calculated  /  exceeding  the  value 
from  table  /  given  in  brackets. 

Mean  water  contents  mg  per  kg  are:  original  muscle  748  ±  6.4  (9).  muscle  juice  885  ±  2.4  (20),  centrifuged  muscle 

699  ±  5.2  (2(1).   ±   =  S.E.  (  )   =  N. 

the  piece  of  muscle  from  which  it  had  been  centrifuged  or  expressed  differed  only 
slightly  except  for  marked  reductions  of  Ca  and  Mg  in  the  juice.  The  minor  dif- 
ferences in  the  other  ions  are,  however,  significant  at  the  95%  level,  except  those 
for  K,  and  the  Cl  in  the  juice  is  higher  in  contrast  to  the  lower  values  of  the  cations. 
The  purpose  of  these  analyses  was  to  demonstrate  any  ion  binding  which  would 
be  apparent  by  reductions  in  the  ions  of  muscle  juice  compared  with  those  in  whole 
muscle  and  in  centrifuged  muscle.  Extracellular  fluid  in  muscle  and  muscle  juice 
complicates  any  calculations  of  binding  since  it  may  form  a  different  proportion  of 
the  solvent  water  in  the  two  cases.  In  only  one  specimen  was  the  inulin  space 
determined  in  both  muscle  and  muscle  juice,  the  ratios  found  being  1.00:1.16. 
Using  10%  and  \\  .()%•  extracellular  volumes  in  the  water  of  whole  muscle  and 
muscle  juice,  respectively,  one  can  calculate  the  composition  of  muscle  cells  and 
that  of  the  cellular  component  of  the  juice  (Table  VI  ).  This  calculation  suggests 
that  about  half  of  the  cellular  Xa  and  Ca  and  a  fifth  of  the  Mg  are  held  back  when 
muscle  is  centrifuged,  perhaps  bound  in  complexes  by  the  structural  proteins,  actin 
and  myosin,  and  possibly  by  the  sarcolemma.  None  of  the  K  would  appear  to  be 
bound,  and  only  &%  of  the  Cl.  It  is  improbable  that  even  this  amount  of  Cl  is 
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TABLE  VI 

Approximate  amount  of  ion-binding  (based  on  data  of  Table  V),  using  extracellular  roltinie  of  10% 

and  11.6%  in  muscle  and  muscle  juice,  respectively. 


mg  ions  (m.\i)  per  kg  water 

Na 

K 

Ca 

Mg 

Cl 

Muscle  cell 

14.3 

141 

2.56 

12.7 

15.9 

Cellular  portion  of 

6.5 

139 

1.30 

10.3 

14.6 

muscle  juice 

Bound  ions  (%) 

55 

1.4 

49 

19 

8 

bound.  A  slightly  smaller  extracellular  volume  in  the  muscle  juice  (11.2%) 
would  result  in  negligible  Cl  binding  (0.6%  ),  while  still  leaving  the  same  propor- 
tions of  Ca  and  Mg  bound,  slightly  less  Na  (45 %)  bound,  and  still  only  1%,  of  the 
K. 


Organic  constituents  of  plasma  and  muscle 

Nitrogenous  constituents.  In  Table  VII  are  set  out  analyses  of  7  nitrogenous 
constituents  (excluding  protein)  in  plasma  and  muscle:  urea,  trimethylamine  oxide, 
betaine,  free  amino  acids,  creatine,  creatinine  and  ammonium  ions.  On  the  average 
about  87.4%  of  the  NPN  of  plasma,  and  87.5%'  of  the  NPN  of  muscle  are  ac- 
counted for  by  these  constituents,  and  if  are  added  the  ATP-N  (see  Table  VIII) 
and  amide- N  (latter  3.27  and  5.72  mM  in  plasma  and  muscle  respectively),  about 
92%  of  the  NPX  of  muscle  is  attributable  to  known  compounds  and  ions.  While 
concentrations  of  urea  in  plasma  and  muscle  are  high  but  very  similar,  those  of 
muscle  TMAO  are  3  times  as  high  as  plasma  values.  Because  of  these  high 
values  in  muscle  and  the  large  amounts  of  the  nitrogenous  bases  creatine  and 


TABLE  VII 
Nitrogenous  constituents  of  plasma  ana  muscle. 


mM  per  kg  water 


Urea 

TMAO 

Betaine 

Creatine 

Creatinine 

Amino-N 

NH< 

Total 
NPX* 

Plasma 

308 

72.4 

9.1 

0.126 

0.046 

11.6 

0.40 

838 

S.D. 

31.3 

15.0 

13.5 

0.09 

0.009 

3.9 

0.46 

93.3 

N 

7 

7 

4 

3 

3 

4 

3 

4 

Muscle 

333 

180 

100 

68.2 

1.02 

108 

4.7 

1447 

S.D. 

18.8 

31.6 

33.5 

8.3 

0.81 

24.0 

3.8 

89.2 

N 

7 

7 

7 

13 

3 

7 

4 

7 

*  ing-atoms. 

TMAO  =  trimethylamine  oxide. 

NPN  =  non-protein  nitrogen. 
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betaine,  together  with  the  10-times  larger  concentration  of  amino  acids,  muscle 
NPN  is  greater  than  plasma  NPN  by  a  factor  of  about  1 .7. 

Creatine  is  present  in  muscle  partly  as  creatine  phosphate,  and  this  bound 
creatine  was  found  in  3  estimations  to  be  about  a  half  of  the  total  creatine  (25.6, 
S.D.  6.2,  compared  with  62.9,  S.D.  5.4  ITIM  per  kg  water  ) . 

The  phosphorus  compounds.  Phosphate  compounds  in  ice-cold  trichloroacetic 
acid  extracts  of  muscle  were  separated  into  lour  fractions,  inorganic  phosphate, 
adenosine  triphosphate  (ATP),  creatine  phosphate  and  a  fourth  fraction,  containing 
hexose  phosphate  etc.,  by  subtracting  the  sum  of  the  first  three  from  the  total  acid- 
soluble  P.  In  the  3  specimens  examined  the  labile  creatine  phosphate  forms  about 
28%  of  the  total  P,  inorganic  phosphate  33%,  ATP  \\%  and  the  remaining  frac- 
tion 27%  (Table  VIII)." 

TABLE  VIII 
Acid-soluble  phosphate  fractions  hi  muscle. 

mg-ions  per  kg  water 


Inorganic 
phosphate 

Creatine 
phosphate 

Adenosine 
triphosphate 

Hexose 
phosphates,  etc 

Total 
phosphate 

28.0 
S.D.  5.9  (3) 

23.9 
6.2  (3) 

9.6 
0.79  (3) 

22.9 

5.5  (3) 

84.4 
5.9  (3) 

Creatine  phosphate  as  measured  here  from  phosphate  fractionation  should  be 
of  the  same  order  as  the  bound  creatine  determined  by  the  a-naphthol  diacetyl 
method.  Values  using  the  latter  method  for  the  same  specimens  showed  broad 
agreement,  32,  26  and  19  HIM  per  kg  water  as  against  27,  28  and  17  imi  as  creatine 
phosphate. 

Minor  organic  anil  inorganic  constituents.  Glucose  and  glycerol  contribute  little 
to  the  osmotic  concentration  of  muscle.  Glycerol  values  in  muscle  were  below  1 
mM  [0.77,  S.D.  0.22  (3)].  Of  5  specimens  in  which  both  the  plasma  and  muscle 
glucose  were  determined,  the  values  were  within  4%  of  each  other  only  in  two 
cases.  Means  were  6.29,  S.D.  3.76  (7)  in  plasma,  and  5.06,  S.D.  2.61  (8)  in 
muscle.  Total  CO?  in  muscle  was  7.08,  S.D.  0.40  (5),  the  mean  HCO:{  com- 
ponent being  6.81  at  pH  7.5,  and  plasma  inorganic  P  was  1.58,  S.D.  0.88  (5). 

Osinolality  of  plasma  and  muscle 

From  a  summation  of  the  analyzed  ions  and  organic  constituents  we  can  see 
howr  far  the  totals  of  plasma  and  sea  water,  and  of  plasma  and  muscle,  agree  with 
each  other  (Table  IX),  and  these  totals  can  be  compared  with  the  measured 
osmolality  of  other  specimens.  The  data  are  from  three  male  specimens  in  which 
ions,  nitrogenous  compounds,  glucose  and  glycerol  were  studied  in  both  plasma 
and  muscle.  Neglecting  for  the  moment  the  osmotic  coefficients  of  ions  and  mole- 
cules, and  the  possibility  that  some  of  the  ions  are  bound,  it  is  seen  that  the  plasma 
total  of  ions  and  molecules  of  1116  is  only  3%  higher  than  the  sea  water  ions. 
Inorganic  and  organic  ions,  urea  and  trimethylamine  oxide  form  89%  of  the  total. 
Compared  with  plasma  the  total  concentration  of  muscle  is  7.7%  higher.  A  reduc- 
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TABU':  IX 
Osmolality  of  /'Insina,  -whole  muscle  and  sea  water  (mean  of  3<?  specimens). 


Constituent 

mg-ions  +  mM  per  kg  water 

Osmotic 
coefficient 

milliosmoles  per  kg  water 

Plasma 

Muscle 

Sea 

water 

Plasma 

Muscle 

Sea 
water 

Inorganic  ions, 
phosphate  etc. 
Urea 

606 
314 

291 
332 

1083 

0.90 
0.96 

545 
301 

262 
319 

975 

Trimethylamine  oxide 
Betaine 

76 

172 
101 



1.19 

1.115 

90 

205 
113 

— 

Amino  acids  and  amides 

13 

118 

—  . 

?1.0 

13 

118 

.  — 

Creatine  and  Creatinine 

0.2 

61 

— 

?1.0 

0.2 

61 

— 

NPN  unaccounted  for 

101* 

121* 

—  . 

?1.0 

?101 

?121 

— 

Glucose  and  Glvcerol 

6 

6 

— 

1.0 

6 

6 

— 

Total 

1116 

1202 

1083 

1056 

1205 

975 

Creatine  phosphate  (23.6  mg-ions)  subtracted  from  the  ionic  phosphate  values  of  muscle  since 
it  is  included  in  the  total  creatine. 
*  mg-atoms. 

tion  of  ions  to  half  those  of  the  plasma  is  counterbalanced  by  more  than  a  doubling 
of  TMAO  and  a  large  increase  in  free  ammo  acids  and  creatine,  as  well  as  the 
presence  of  101  imi  betaine. 

It  is  possible  that  the  unknown  NPN  of  plasma  and  muscle  may  include  com- 
pounds with  more  than  one  nitrogen  atom  per  molecule,  which  would  reduce  both 
total  concentrations.  The  dipeptides  anserine  and  carnosine  found  in  teleost  muscle 
seem  to  be  absent  in  dogfish  muscle  nitrates  (unpublished  work  of  C.  B.  Cowey 
and  J.  D.  Robertson). 

To  convert  the  data  to  milliosmoles  requires  the  use  of  osmotic  coefficients 
which  may  depart  from  unity  in  both  salts  (ions)  and  organic  compounds.  These 
are  given  in  the  fifth  column  of  Table  IX.  It  is  assumed  that  plasma  and  muscle 
ions  have  approximately  the  same  osmotic  coefficient  as  sea  water  ions.  For  a 
chlorinity  of  IS.OO^o  (18.61  g  Cl  per  kg  solvent  water),  this  can  be  calculated 
from  the  osmotic  equivalence  data  of  Robinson  (1954)  and  the  g-ionic  concentration 
of  sea  water  [1.1368  at  Cl  19.00%0  as  given  by  Sverdrup,  Johnson  and  Fleming 
(1942)  ].  The  value  at  Cl  1S.OO%0  is  969.9/1074.0  :=  0.903,  this  being  the  osmotic 
equivalence  in  milliosmoles  divided  by  the  total  mg-ions  (mM)  by  analysis.  The 
urea  coefficient  is  from  Robinson  (1954),  betaine  from  Smith  and  Smith  (1940) 
and  trimethylamine  oxide  by  own  determination  as  no  value  was  found  in  the 
literature.  Like  the  other  dipolar  compound  betaine  the  value  obtained  for  tri- 
methylamine oxide  exceeded  unity  substantially,  being  1.19.  It  was  determined  on 
a  molal  solution  of  trimethylamine  oxide  dihydrate  (Eastman  chemical)  by  the 
vapour  pressure  method  given  in  the  introduction,  using  for  comparison  an  organic 
standard  of  molal  DL-alanine,  which  is  an  almost  ideal  solute  with  an  osmotic 
coefficient  of  1.003  (Robinson,  1952).  Correction  was  made  for  the  fact  that  an 
assay  of  the  TMAO  solution  showed  the  compound  to  be  99.0%  pure,  as  deter- 
mined from  its  N  (micro-Kjeldahl)  and  trimethylamine  components  (99.3%  and 
98.7%,  respectively,  of  the  theoretical). 
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A  value  of  1 .0  has  been  taken  for  the  average  osmotic  coefficient  of  the  amino 
acids.  At  1  niolal  the  coefficient  is  0.928  for  glycine  (Smith  and  Smith,  1937) 
and  1.046  for  proline  (Smith  and  Smith,  1940),  but  apart  from  alanine  just  men- 
tioned, no  published  values  for  the  amino  acids  have  been  found.  In  Si/nalns  muscle 
the  most  abundant  of  the  free  amino  acids  are  proline,  glycine,  taurine,  alanine  and 
sarcosine  (C.  B.  Co\vey  and  J.  D.  Robertson,  unpublished).  Proline,  glycine  and 
alanine  formed  on  the  average  68%  of  the  total  amino  acids  (104  imr  per  kg  water) 
in  3  specimens,  and  using  the  coefficients  70.3  millimoles  becomes  70.6  milliosmoles. 

After  conversion  of  all  the  data  to  milliosmoles  the  total  concentration  of  plasma 
comes  to  1056,  8.3%  higher  than  the  sea  water  in  which  the  specimens  were  living 
(cf.  Table  I,  where  six  male  specimens  of  Scjiialns  were  hyperosmotic  by  2.8%  ). 
The  muscle  concentration  at  1205  milliosmoles  is  14.1%  higher  than  that  of  the 
plasma.  Regarding  the  unknown  non-protein  nitrogen  of  the  plasma  a  small  frac- 
tion may  be  bet ai lie  (Table  VII).  Some  of  the  remainder  may  be  in  peptide  form, 
or  even  be  present  as  a  trace  of  non-precipitated  protein ;  either  or  both  of  these 
possibilities  would  reduce  the  NPN  unaccounted  for  and  so  also  the  calculated 
osmolality  of  the  plasma.  To  get  a  calculated  osmolality  of  plasma  similar  to  that 
found  by  direct  vapour  pressure  measurement  of  other  specimens  would  require 
some  54  of  the  101  mg-atoms  N  to  be  present  in  compounds  of  negligible  osmotic 
concentration,  that  is,  of  high  molecular  weight. 

The  same  suggestion  may  be  put  forward  for  the  apparently  excessive  calculated 
osmotic  concentration  of  muscle;  some  of  the  121  mg-atoms  NPN  may  be  present 
in  macromolecular  form.  A  slight  correction  can,  however,  be  made  to  it  from 
knowledge  of  the  free  amino  acids.  The  calculation  of  unaccounted  for  NPN  was 
made  on  the  assumption  that  the  112  mg-atoms  a-amino  N  atoms  found  in  these 
3  specimens  were  from  amino  acids  with  a  single  N.  In  fact,  from  unpublished  work 
the  presence  of  lysine  (2  N-atoms),  histidine  (3)  and  arginine  (4)  means  that 
the  112  HIM  amino  acids  contain  121  mg-atoms  N.  The  total  of  121  mg-atoms 
NPN  unaccounted  for  then  becomes  112,  and  total  milliosmoles  for  the  muscle 
1196. 

The  last  factor  to  be  considered  is  binding  of  ions.  In  plasma  this  is  probably 
negligible,  concerning  a  fraction  of  the  2.95  mg-ions  calcium.  In  muscle  binding  it 
concerns  inorganic  ions  and  possibly  some  of  the  organic  phosphate  ions.  On  a 
basis  of  the  binding  of  45%  Na.  1.4%  K,  49%  Ca,  19%  Mg  and  0.6%  Cl  of  the 
intracellular  ions  (Table  VI  and  text),  a  muscle  value  of  291  mg-ions  (Table  IN, 
based  on  Tables  II  and  YIU  )  and  an  extracellular  space  of  8.82%  <">f  muscle  water, 
the  concentration  of  these  ions  in  whole  muscle,  212  mg-ions,  is  reduced  by  12  mg- 
ions  or  11  milliosmoles.  Thus  quantitatively  the  binding  of  these  ions  in  S<iimlns 
muscle  is  not  very  important.  The  total  ions  are  now  (262-11)  =-251  millios- 
moles. bringing  the  total  osmotic  concentration  from  1190  (corrected  from  1205) 
to  1185.  This  total  is  still  12r/  higher  than  that  calculated  for  the  muscle,  which 
ma}'  be  compared  with  the  3.1%  difference  found  between  muscle  juice  and  plasma 
(Table  I). 

As  a  general  check  on  the  validity  of  converting  the  analytical  data  to  millios- 
moles, using  osmotic  coefficients,  a  solution  closely  resembling  Sciinilns  plasma  was 
made  up,  containing  salts,  urea  and  TMAO.  Its  composition  in  imr  per  kg  water 
was  NaCl  296,  KG  7.2.  CaCU  2.9,  MgCU  3.5.  Na,,SO4  5.7,  NaHCO,  6.8,  urea 
289  and  TMAO  71.  The  total  molality  of  the  salts  came  to  656.3  which,  with  an 
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FIGURE  1.  Composition  of  plasma  and  muscle  of  Squalns  acantliias  in  relation  to  sea  water: 
AA — free  amino  acids;  TMAO — trimethylamine  oxide;  NPN — remaining  non-protein  nitrogen 
( in  mg-atoms ) .  The  unlabeled  sections  in  the  columns  are  the  other  ions  of  plasma  and  muscle. 
Scale  on  left — ions  and  molecules  as  analyzed,  scale  on  right — milliosmoles  as  calculated  using 
osmotic  coefficients. 

osmotic  coefficient  of  0.903,  is  equivalent  to  592.6  milliosmoles.  Urea  of  289  mM 
gives  277.4  milliosmoles  (coefficient  of  0.96)  and  TMAO  of  71  mM  equals  84.5 
milliosmoles  (coefficient  of  1.19).  Thus  the  estimated  molality  is  954.9  milliosmoles 
for  an  artificial  plasma  (minus  protein)  containing  1016.3  millimoles  of  salts  and 
nitrogenous  compounds.  The  osmolality,  using  the  Krogh-Baldes  vapor  pressure 
thermoelectric  method  and  XaCl  standards,  was  found  to  he  948  milliosmoles,  a 
difference  of  only  0.7%. 

Figure  1  shows  the  principal  constituents  of  plasma  and  muscle.  The  balance 
of  NPN  unaccounted  for  has  been  left  uncorrectecl  and  is  in  mg-atoms.  The  chief 
features  of  the  muscle  compared  to  plasma  are  (T)  the  great  reduction  in  muscle 
ions,  the  increase  in  K  being  far  outweighed  by  decreases  in  Na  and  Cl,  and  (2)  the 
great  increase  in  TMAO,  amino  acids  and  betaine. 

DISCUSSION 

It  seems  well  established  that  the  blood  serum  or  plasma  of  elasmobranchs  is 
slightly  hyperosmotic  to  sea  water  (Holmes  and  Donaldson,  1969).  In  the  spiny 
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dogfish  the  writer's  values,  about  3%  higher  than  the  medium,  are  rather  lower 
than  most  of  the  previous  data  lor  this  species.  Certainly  the  concentration  of 
blood  plasma  in  the  Squalits  from  the  Clyde  sea-area  shows  a  smaller  mean  differ- 
ence from  that  for  specimens  of  the  same  species  from  Salisbury  Cove,  Maine, 
where  Burger  (1967)  gives  a  further  value  slightly  below  that  of  Burger  and  Hess 
(1960)  of  1000  milliosmoles  compared  with  930  in  sea  water  (+  7.5%). 

Comparison  of  the  major  ions  in  Table  II  with  fairly  complete  analyses  of  the 
blood  plasma  or  serum  of  Squalits  from  the  eastern  coasts  of  the  United  States  and 
Canada  shows  good  agreement.  The  values  of  Rodnan,  Robin  and  Andrus  (1962) 
and  those  of  Macallum  (1910),  the  latter  obtained  by  classical  gravimetric  methods, 
in  brackets,  are  Na263  (296),  K4.1  (7.4),  Ca3.3  (4.3),  Mgl.55  (6.4),  and  C1249 
(295).  Macallum's  data  have  been  recalculated  to  mg-ions  per  kg  water,  those  of 
Rodnan  ct  al.  (1962)  left  as  mg-ions  per  liter.  A  4%  increase  to  get  the  data 
of  Rodnan  ct  a!,  in  terms  of  weight  of  solvent  water  would  bring  the  analyses  even 
nearer  to  each  other.  The  chief  differences  are  in  K  and  Mg. 

Potassium  values  in  plasma  or  serum  are  particularly  prone  to  be  higher  than 
normal  if  the  slightest  tinge  of  hemoglobin  indicates  some  slight  hemolysis  and  leak- 
age of  K  from  the  red  blood  cells.  Cserr  and  Rail  (1967)  claim  that  the  lowest 
values  in  the  spiny  dogfish  are  obtained  if  sampling  from  the  caudal  vein  is  im- 
mediate. Normal  values  of  K  4.1  ±0.12  mg-ions  per  liter  rise  50%  if  the  sampling 
is  delayed  7-15  minutes  after  the  fish  is  taken  from  the  water.  Despite  complete 
lack  of  obvious  hemolysis,  the  mean  value  of  K  7.2  in  Table  II  may  be  rather  high. 
A  further  2  gg  gave  5.8  and  6.4,  while  3  $$  gave  a  mean  of  4.8  (4.11,  4.38,  5.84), 
these  values  being  in  mg-ions  ( m.  equiv.)  per  liter. 

Lactate  is  an  ion  which  shows  considerable  variation.  The  values  of  6.0  and 
8.3  mg-ions  in  2  J1^  (mean  7.2  of  Table  II)  and  the  lower  figure  of  2.9  in  a  5  may 
be  compared  with  data  given  by  Murclaugh  and  Robin  (1967),  in  which  elevated 
values  in  the  laboratory  specimens  (sex  unstated  of  7.9  —  5  (18)  mg-ions  per 
liter  contrasted  with  lower  values  of  4.5  (10)  in  those  kept  in  live  cars  in  the  dock 
area,  and  still  lower,  0.94  :t  0.3  (11)  in  freshly  captured  specimens  sampled  within 
a  minute. 

Total  inorganic  ions  of  plasma  in  Squalus  come  to  only  52%  of  the  osmolarity 
in  the  analyses  of  Rodnan  ct  al.  (1962)  and  to  54%  of  the  osmolality  (based  on 
concentrations  per  kg  solvent  water)  in  the  present  work  (Table  IX).  Another 
value  based  on  freezing  points  of  original  serum  and  ashed  serum  made  up  to  its 
original  volume  is  53%  (Macallum,  1910).  Nitrogenous  compounds,  particularly 
urea,  trimethylamine  oxide,  and  to  a  minor  extent  free  amino  acids  and  perhaps 
betaine,  are  responsible  for  most  of  the  balance,  since  glucose  is  relatively  insignif- 
icant. 

Urea  values  in  Squalits,  288-350,  mean  308  ±  31.3  (±  =  S.D.)  mM  per  kg 
water  (Table  VII)  may  be  compared  with  357  ±  32  HIM  per  liter  based  on  an 
unstated  number  of  plasma  analyses  by  Rodnan  ct  al.  (1962),  and  4  values,  range 
347-352  HIM  per  liter  of  Burger  and  Hess  (1960).  Trimethylamine  oxide  at  72.4 
±  15,  range  54-95  HIM  per  kg  water  (Table  VII)  is  in  complete  agreement  with 
the  data  of  Cohen,  Krupp  and  Chidsey  III  (1958),  71  ±  10  (N  -  39)  IBM  per 
liter.  A  single  value  of  64  mM  has  been  given  for  the  serum  of  the  North  Pacific 
form  of  Squalits  acautliias  CS.  sucklcyi' )  by  Norris  and  Benoit  (1945). 
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The  only  comprehensive  data  on  doltish  ])lasma  with  which  the  present  work 
on  Squalns  may  he  compared  are  those  of  Doolittle,  Thomas  and  Stone  (1960)  on 
the  smooth  dogfish  Mitstclits  canis.  In  a  total  of  1037  HIM  per  kg  water,  ions  ac- 
count for  56%,  urea  33%  and  TMAO  9.4% .  The  two  nitrogenous  compounds  are 
rather  higher  than  in  Sqitalits.  mean  urea  being  342  HIM  and  TMAO  97  HIM,  but 
the  individual  ions  are  very  similar.  If  the  osmotic  coefficients  in  Table  IX  are 
applied  to  the  data,  ions  come  to  527,  urea  to  328  and  TMAO  to  115  milliosmoles 
which  together  with  glucose  add  up  to  983.  This  may  be  compared  with  their 
directly  estimated  962  and  910  milliosmoles  (from  freezing-point  depression)  for 
Mnstclns  plasma  and  the  sea  water  in  the  tank  at  Woods  Hole.  Agreement  is 
good,  but  total  NPN  was  not  estimated. 

A  study  on  the  electrolytes  of  muscle  in  Sqnalus  has  been  made  by  Robin, 
Murdaugh  and  Weiss  (1964)  who  analyzed  10  fish  for  Na,  K  and  Cl.  They 
calculated  intracellular  concentrations  on  the  basis  of  exclusion  of  Cl  from  muscle 
cells,  using  the  chloride  space  (muscle  Cl  as  f'/(  plasma  Cl,  both  on  a  water  content 
basis)  as  a  measure  of  extracellular  space.  The  chloride  spaces  found  were  14  ± 
2%  (range  11-17),  which  may  be  compared  with  those  from  the  data  of  Tables 
II  and  III  of  13.0  and  18.6%  (means  for  3  and  4  dogfish  respectively).  Plasma 
Na  and  K  (means)  were  240  and  3.6,  with  whole  muscle  means  of  55.4  (38-75) 
and  162  (104-216)  mg-ions  per  kg  water.  Thus  while  Na  values  are  comparable 
with  data  in  Tables  II  and  V,  most  of  the  muscle  K  concentrations  of  Robin  ct  al. 
(1964)  exceed  those  in  this  paper,  mean  125  (9).  range  95-146.  Calculated 
intracellular  concentrations  are  higher  for  K,  187  ±  42,  compared  to  130  and  141 
in  the  present  work,  and  higher  also  for  Na,  29.5  ±  9,  as  against  17.9  and  14.3 
(Tables  IV  and  VI).  If  Cl  is  present  inside  muscle  cells,  as  is  probable  from  a 
comparison  of  chloride  with  inulin  space  (Table  III),  the  calculated  intracellular 
concentrations  in  the  American  specimens  would  be  altered,  resulting  in  a  lower  K 
and  a  higher  Na.  However,  some  variation  in  ionic  concentrations  must  be  ex- 
pected and  the  two  sets  of  data  are  broadly  consistent.  Some  variation  in  extracel- 
lular and  intracellular  ions  must  arise  from  a  degree  of  flexibility  in  the  proportion 
of  ions  and  nitrogeneous  molecules  making  up  the  osmotic  concentration.  An 
exceptionally  low  urea  and  NPN  in  the  plasma  of  one  specimen  was  offset  by  a 
higher  Cl,  indicating  some  such  mutual  adjustment. 

Juice    expressed    from    muscle    has    an    osmotic    concentration    averaging    3', 
higher  than  that  of  plasma  (Table  I).     It  would  seem  that  this  reflects  a  slight 
breakdown  of  labile  constituents  during  the  pressing  or  centrifugation  of  the  muscle, 
so  that  /';;  vivo  muscle  is  probably  almost  isosmotic  with  the  plasma. 

While  the  concentrations  of  K  and  of  both  inorganic  and  organic  phosphate 
are  high  in  muscle,  the  Na  and  Cl  are  so  low  that  the  proportion  of  the  osmotic 
concentration  due  to  ions  is  only  about  a  half  what  it  is  in  plasma.  Nitrogenous 
compounds  make  up  the  balance.  Urea  is  only  silghtly  higher  than  in  plasma,  in 
the  specimens  analyzed  333  and  308  HIM  per  kg  water,  but  there  are  large  increases 
in  creatine,  mean  68.2  niM  from  less  than  1  HIM  in  the  plasma,  TMAO  180  HIM 
as  against  72  HIM,  betaine  100  HIM  from  very  small  amounts,  and  free  amino  acids 
108  HIM  compared  to  12  HIM  (Table  VII). 

Data  comparing  blood  and  muscle  concentrations  of  these  compounds  in  Sqiui- 
liis  seem  to  exist  only  for  TMAO.  Goldstein.  Hartman  and  Forster  (1967)  give 
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3  comparisons  in  which  muscle  concentrations  (per  kg  water)  were  3  times  those 
of  the  plasma,  225,  154  and  216  HIM  compared  to  76,  45  and  78  HIM,  respectively. 
These  values  are  all  within  the  ranges  given  in  Table  VII. 

Extensive  data  on  the  nitrogenous  extractives  of  Squalus  acanthias  muscle 
have  been  given  by  Vyncke  (1970).  Recalculation  of  his  mean  data  and  ranges 
for  nitrogenous  compounds  on  a  millimolal  basis  gives  urea  415  (  351-480),  TMAO 
189  (165-212),  betaine  11.0  (3.3-31.7),  creatine  51.1  (26.5-65.7),  creatinine 
6.2  (2.0-10),  ammonium  18.4  (5.6-33.7),  «-amino  N  61  ±  13  in  mature,  74.2  ± 
14  in  immature  dogfish.  The  analyses  in  Table  VII  are  in  general  agreement  with 
these  means  and  ranges,  except  that  amino  acids  and  betaine  are  much  higher, 
and  urea,  creatinine  and  ammonium  ions  are  in  the  lower  ranges.  In  the  present 
work  creatinine  and  ammonium  ions  were  determined  immediately,  since  their 
values  rise  in  extracts  kept  in  the  refrigerator.  In  trichloroacetic  acid  solution 
creatine  slowly  changes  to  a  mixture  of  creatinine  and  creatine,  the  values  of 
creatinine  rising  as  creatine  falls. 

The  question  of  betaine  must  be  considered.  In  muscle  of  three  elasmobranchs 
including  Squalus,  Shewan  (1953)  found  that  TMAO  and  betaine  were  the  two 
largest  of  the  nitrogenous  extractives,  but  no  absolute  values  for  betaine  were  given. 
He  later  (Shewan,  1961  )  gave  a  figure  of  1500  mg  per  kg  muscle.  Assuming  a 
water  content  of  75%,  this  amounts  to  only  17  HIM  per  kg  water.  Vyncke's 
(1970)  maximum  value  is  only  32  imr.  Much  time  was  spent  on  getting  a 
fairly  satisfactory  method  of  analysis  and  the  writer  considers  his  value  of  100 
(52—145)  HIM  to  be  valid.  This  amount  is  comparable  to  that  found  in  decapod 
crustacean  and  cephalopod  muscles  (e.g.,  99  nm  in  Sepia  whole  muscle,  Robert- 
son, 1965).  Sqiialits  plasma  seems  to  have  a  low  betaine  concentration.  <  4  HIM. 
An  exceptional  29.2  HIM  was  found  in  a  dogfish  with  a  muscle  value  of  121  mM 
but  other  plasma  values  were  0.4,  3.0  and  3.7  (mean  9.1,  Table  VII). 

The  principal  aim  of  this  work  was  to  get  a  comprehensive  analysis  of  muscle 
and  plasma  and  to  see  how  far  the  totals  of  the  principal  osmotic  constituents 
agreed  with  each  other  and  with  direct  measurements  of  plasma  and  muscle  osmotic 
concentration.  On  the  basis  of  chemical  estimations,  the  calculated  osmolality 
of  known  ions  and  compounds  (means  of  3  ^^  dogfish  )  is  955  in  plasma  compared 
with  975  milliosmoles  in  sea  water.  But  a  further  101  mg-atoms  of  plasma  NPN 
has  to  be  added,  which,  if  present  in  compounds  with  1  N  atom  per  molecule, 
would  give  a  calculated  value  8. 3c/c  higher  than  the  sea  water.  Possibly  some  of 
the  nitrogen  is  in  peptide  form,  which  would  reduce  the  difference.  The  actual 
mean  difference  in  6  $<$  was  +  Z%  (Table  1  ). 

For  muscle  the  calculated  osmolality  of  known  ions  and  molecules  is  1084 
milliosmoles,  but  it  has  a  further  121  mg-atoms  of  N  unaccounted  for.  Some  of 
this  is  probably  peptide-X.  as  Vyncke  (  1970  finds  59  ±  13  mg-atoms  in  Squalus 
muscle.  Disregarding  it  for  the  moment,  the  known  ions  and  compounds  (1084) 
come  to  a  value  2.7%<  higher  than  that  of  the  plasma,  in  good,  perhaps  fortuitous, 
agreement  with  the  measured  +  3'/v  in  other  specimens  (Table  I).  Including  it, 
the  total  is  1205,  +  8.39f  on  the  plasma  value.  Presumably  this  higher  value 
would  be  reduced  (1  )  if  any  breakdown  of  labile  compounds  from  the  in  I'ii'o  con- 
dition could  be  allowed  for,  (2)  if  some  of  the  X  is  in  petpide  form,  and  (3)  if  a 
proportion  of  any  of  the  ions  and  molecules  is  bound  in  complexes  with  the  cellular 
proteins.  Cohen  et  al.  (1958)  have  shown  by  dialysis  that  no  binding  of  TMAO 
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occurs  in  the  plasma  of  Squalus.  It  is  possible  that  some  binding  of  nitrogenous 
constituents  does  occur  in  muscle,  such  as  part  or  all  of  the  ATP.  Although  it  is 
inferred  that  some  of  the  cellular  Na,  Ca  and  Mg  is  bound  (Table  VI),  the  con- 
centrations of  these  ions  are  so  small  that  the  reduction  due  to  binding  (minus  11 
milliosmoles)  causes  only  a  minor  alteration  to  the  osmolality  of  whole  muscle. 

A  brief  comparison  may  be  made  between  dogfish  and  members  of  two  other 
groups,  My  .vine  glntinosa,  a  marine  cyclostome  isosmotic  with  sea  water, 
and  Latiincria  chalunniac,  the  marine  crossopterygian.  According  to  Griffith, 
Umminger,  Grant,  Pang  and  Pickford  (1974)  ions  in  the  blood  serum  of  Latiincria 
come  to  435.4  mg-ions  per  liter,  and  with  urea  377  HIM,  TMAO  122  HIM,  amino 
acids  15.6  HIM  and  glucose  6.6  HIM,  the  total  is  957.  Using  the  osmotic  coefficients 
in  Table  IX  this  total  equals  922  milliosmoles,  in  complete  agreement  with  the 
directly  measured  osmolarity  of  932  milliosmoles  per  liter,  sea  water  being  1035. 
No  excess  of  NPN  was  found,  the  N  of  the  known  compounds  exceeding  the  total 
NPN  (856  mg-atoms)  by  4%.  The  nitrogenous  compounds  of  Latiincria  muscle 
from  a  frozen  specimen  included  422  HIM  urea  and  290  imr  TMAO  (Lutz  and 
Robertson,  1971).  Thus  these  constituents  in  both  blood  and  muscle  are  higher 
in  Latiincria  than  in  SqnaJits.  Contrasting  with  both  of  these  fishes  is  the  cyclo- 
stome My.vinc  in  which  nitrogenous  constituents  are  practically  absent  from  the 
plasma,  ions  forming  about  99%  of  the  osmotic  concentration  (Robertson,  1966). 
My.vinc  muscle  is  also  different  from  that  of  these  fishes,  in  that  urea  is  practically 
absent  (1.5  HIM).  It  does  contain  TMAO  87  HIM  and  betaine  65  HIM  per  kg 
water,  concentrations  which  are  much  lower  than  in  Squalus.  It  makes  up  for 
this  by  having  a  high  concentration  of  free  amino  acids,  291  HIM,  so  that  the  total 
nitrogenous  consituents  form  about  55%  of  the  osmotic  concentration  in  My.rine, 
compared  to  about  69%  in  Sqnalits. 
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SUMMARY 

Comprehensive  analyses  of  the  osmotic  consituents  of  plasma  and  muscle  of 
Squalus  acantliias  have  been  made.  In  plasma  mean  concentrations  of  ions  and 
molecules  (mg-ions  or  HIM  per  kg  water)  were  Na  296.  K  7.2,  Ca  2.95,  Mg  3.48. 
NH4  0.4,  Cl  276,  SO4  3.11.  HCO3  6.8,  lactate  7.2,  urea  308,  trimethylamine  oxide 
(TMAO)  72.4.  amino-N  11.6,  total  NPN  838  mg-atoms.  In  muscle  mean  con- 
centrations were  Na  42.4,  K  119,  Ca  2.09,  Mg  12.9  Cl  35.9.  SO4  1.24.  lactate 
23.8,  total  P  (mg-atoms)  91.3,  urea  333,  TMAO  180,  betaine  100,  creatine  68.2 
(26</<  bound  as  creatine  phosphate).  amino-N  108,  NH4  4.7.  total  NPN  1447  mg- 
atoms.  In  other  specimens  fractionation  of  the  acid-soluble  compounds  in  muscle 
gave  inorganic  P  28.0,  creatine  phosphate  23.9,  ATP  9.6,  remaining  phosphate 
22.9  (total  84.4  mg-ions). 

Using  osmotic  coefficients  calculated  osmotic  concentration  of  muscle  exceeded 
that  of  plasma,  and  possible  reasons  for  this  are  discussed.  Directly  determined 
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osmotic  concentrations  were  sea  water  965,  plasma  (6  J^f)  993,  and  muscle  juice 
1023  milliosmoles. 

Some  estimates  of  intracellular  ionic  concentrations  were  obtained  from  mea- 
surements of  inulin  space  in  muscle.  Analysis  of  muscle  juice  enabled  approxi- 
mate estimates  of  ion-binding.  About  half  the  Na  and  Ca  and  nearly  one  fifth 
of  the  Mg  in  muscle  cells  appears  to  be  bound,  but  little  of  the  Cl  and  K. 
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Postembryonic  development  of  insects  proceeds  as  distinctive  cycles  character- 
ized by  specific  changes  in  structure  and  function.  From  particular  physiological 
changes  and  hormonal  conditions  we  can  distinguish  several  categories  of  develop- 
mental cycles:  (i)  larval-larval  molt  cycles,  ( ii )  larval-pupal  and  larval-adult 
molt  cycles,  (iii)  pupal-adult  molt  cycles  in  the  Endopterygota,  ( iv )  reproduction 
cycles  in  adult  females  and,  (v)  a  combination  of  molt  and  reproduction  cycles  in 
the  Apterygota.  It  has  been  recognized  earlier  (Slama,  19(>8)  that  in  addition  to 
growth  and  developmental  patterns,  each  of  the  above  categories  can  also  be  char- 
acterized by  certain  specific  type  of  total  body  metabolism.  By  altering  hormonal 
conditions  it  has  been  possible  to  induce  prematurely  or  to  postpone  the  appearance 
of  the  given  developmental  cycles.  And,  without  respect  to  age  or  absolute  size  of 
the  body,  the  specific  patterns  in  total  body  metabolism  have  also  been  correspond- 
ingly transposed  (hand-in-hand  with  the  transposition  of  the  cycle  in  question). 
This  has  been  documented  in  studies  of  juvenile  hormone-induced  transposition  of 
the  larval  and  adult  molt  cycles  in  Exopterygota  (  Slama,  1964,  1965,  1968,  1971  ; 
Slama,  Romanuk  and  Sorm,  1974)  and  by  observations  on  the  larval,  pupal,  and 
adult  molt  cycles  in  Endopterygota  (Sehnal  and  Slama,  1966). 

In  the  present  paper  we  have  extended  these  studies  on  the  relationships  be- 
tween hormones,  growth,  morphogenesis,  and  respiratory  metabolism  to  larvae 
and  pupae  of  a  coleopteran  of  the  family  Dermestidae.  The  advantages  of  this  ma- 
terial for  metabolic  investigations  are  shown  by  the  fact  that  it  was  possible  to 
delay  the  pupal-adult  molt  cycle  by  one  or  more  extra  pupal  cycles  simply  by  treat- 
ment with  the  juvenile  hormone  bioanalognes  (juvenoids).  Moreover,  it  was 
possible  to  induce  extra  larval  and  larval-pupal  molt  cycles  by  injections  of  bio- 
analogues  of  the  prothoracic  gland  hormone  (ecdysoids). 

MATKRIALS  AND  MKTHODS 

The  larvae  and  adults  of  />.  i'//lphnts  were  reared  in  glass  jars  at  27°  C  and  18 
hr  photophase.  They  were  fed  dried  calf  viscera  and  supplied  with  water  in  cot- 
ton plugged  glass  vials.  All  the  non-feeding  stages  were  incubated  at  27°  C  in 
Petri  dishes  which  were  provided  with  a  source  of  moisture. 

Oxygen  consumption  was  measured  with  a  \Yarburg  apparatus  using  con- 
ventional techniques  (Slama,  1960).  The  respiratory  vessels  were  cylindrical  and 
without  side  arms.  Their  internal  volume-  was  approximately  10  ml.  The  values 
of  Oi-  consumption  presented  in  the  figures  are  averages  of  3  to  5  successive  read- 
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FIGURE  1.  Changes  in  average  body  weight  (dotted  line),O2  consumption  in  /xl/hr/specimen 
(broken  line),  and  O2  consumption  in  ml/gram  live  \veight/hr  (full  line)  during  the  4th,  5th, 
and  last  (6th)  larval  instars  of  D.  vulpimis.  The  arrows  indicate  ecdyses  ( n  =  12  specimens). 


ings  on  each  of  the  individually  measured  specimens,  the  number  of  which  (n)  is 
indicated  in  the  legend.  Due  to  considerable  changes  in  body  weight  we  have 
indicated  OL.  consumption  values  both  per  specimen  and  per  gram  of  fresh  body 
weight  in  all  the  feeding  stages.  However,  in  the  non-feeding  stages  where  the 
body  weight  undergoes  only  slight  and  more  or  less  constant  diminution  we  have 
related  the  OL.  consumption  values  per  gram  of  the  initial  weight  only.  The 
standard  deviation  from  the  mean  values  of  Qo2  in  the  feeding  stages  (Figs.  1  and 
2)  was  around  ±  30  per  cent.  In  the  non-feeding  and  immobile  specimens  (Figs. 
3  to  7 )  the  individual  OL>  consumption  curves  of  each  specimen  had  parallel  courses. 
There  were  extremely  small  deviations  from  the  mean  values  (usually  not  exceed- 
ing -=  20  per  cent).  The  deviations  were  more  or  less  constant  in  each  specimen 
suggesting  that  they  were  merely  due  to  different  size  of  the  body  and  due  to  dif- 
ferent content  of  reserve  materials  which  take  no  active  part  in  metabolism. 

Out  of  a  large  number  of  juvenile  hormone  analogues  we  selected  for  the 
experiments  with  Dcnncstcs  an  ethyl  ester  of  3,  7,  1 1-trimethyl,  11-chloro,  2-do- 
decenic  acid.  This  juvenoid  was  highly  active  in  topical  applications  and  it  ap- 
peared to  be  relatively  stable  in  the  body.  The  ID-50  Morph.  unit  of  juvenile 
activity  of  this  compound  in  the  pupal  assay  on  D.  i'itl[>huts  is  approximately  5//xg 
per  specimen  (Slama  ct  a/.,  1974).  In  all  cases  topical  application  in  !//*!  of 
acetone  was  used.  Ecdysterone  (Polypodine  A  isolated  from  Polyp.odium  by  Dr. 
J.  Jizba  of  the  Czechoslovak  Academy  of  Sciences)  was  injected  into  the  body 
cavity  in  l/p\  of  10  per  cent  ethanolic  Ringer  solution. 
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FIGURE  2.  Changes  m  the  body  weight  (above)  and  O>  consumption  (below)  of  last 
instar  larvae  treated  with  50/Vg/specimen  of  the  juvenoid  at  the  moments  indicated  by  arrows 
(full  line;  n  =  9  specimens).  The  dotted  line  shows  comparison  with  untreated  larvae. 


RESULTS 
Growth  and  respiratory  metabolism  in  normal  lan'ac 

It  is  well  known  that  changes  associated  with  growth  have  a  profound  influence 
on  larval  metabolism.  We  have,  therefore,  recorded  the  changes  in  larval  body 
weight  which  are  more  or  less  correlated  with  the  rate  of  feeding  and  excretion. 
The  results  in  Figure  1  show  that  the  largest  daily  increments  in  body  weight 
occur  during  the  first  day  after  each  larval  ecdysis.  This  is  connected  with  in- 
tensive feeding  activity  at  this  time.  A  maximum  body  weight  of  the  whole  post- 
embryonic  development  is  reached  approximately  at  day  3  of  the  last  (6th)  larval 
instar.  After  that  the  weight  successively  diminishes  throughout  the  rest  of  the 
last  larval  instar  as  well  as  during  the  whole  metamorphosis  period.  Feeding  is 
completely  abolished  from  day  5  of  the  last  larval  instar. 

In  the  penultimate  (5th)  larval  instar  the  rate  of  OL>  consumption  undergoes 
specific  alterations  which  seem  to  be  common  for  the  larval-larval  molt  cycles. 
They  have  been  found  in  the  young  larval  instars  of  many  unrelated  insects  by  a 
number  of  authors  (cf.  Slama.  1900;  Sehnal  and  Slama,  1900).  It  can  be  observed 
in  Figure  1  that  a  common  pattern  of  these  metabolic  changes  is  a  relatively  steep 
rise  in  Q*  consumption  rate  during  the  initial  intensive  feeding  period,  a  peak  in 
On,  at  about  the  middle  of  the  inter-ecdvsial  period  and,  a  subsequent  fall  of  the 
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metabolic  activity  towards  the  next  ecdysis.     This  type  of  metabolic  change  can  be 
briefly  characterized  as  a  reciprocal  U-shaped  course. 

In  the  final,  i.e.  6th  larval  instar,  the  course  of  O^  consumption  ( Fig.  1  )  is 
somewhat  different.  Though  the  initial  rise  of  O2  consumption  during  the  first 
day  after  ecdysis  is  present,  the  intensity  of  respiratory  metabolism  progressively 
diminishes,  following  a  U-shaped  pattern  towards  pupation.  This  type  of  meta- 
bolic cycle  also  seems  to  be  widespread  among  last  larval  instars  of  many  En- 
dopterygote  and  Exopterygote  insects,  as  discussed  below. 

Hypcriuctabolisni  induced  by  jni'cnoids  in  the  last  lari'al  instar 

In  many  Endopterygote  insects  it  is  extremely  difficult  or  impossible  to  induce 
extra  larval  molts  by  application  of  juvenoids  to  the  last  instar  larvae.  This  prob- 
lem has  been  analyzed  elsewhere  ( Slama  ct  al.,  1974).  So  also  in  D.  vulpinus  it 
has  been  so  far  impossible  to  cause  the  extra-larval  instars  or  even  larval-pupal 
intermediates  by  any  available  kind  and  amount  of  juvenoids.  Out  of  all  the 
morphological  effects  often  connected  with  this  treatment  we  observed  only  an 
occasional  formation  of  pupae  possessing  larval  cuticle  on  the  distal  ends  of  the  legs, 
palpi,  and  antennae.  The  treated  last  instar  larvae  have  always  pupated  after  a 
considerable  delay.  The  delay  was  proportional  within  certain  limits  to  the  dose  of 
juvenoid  and  to  number  of  applications,  and  it  was  well  correlated  with  the  specific 
juvenile  hormone  activity  of  various  juvenoids  as  revealed  by  morphological 
assays  on  pupae  of  the  same  species  (ID-50  Morph.  units). 

In  addition,  the  above  mentioned  delay  of  pupation  by  juvenoids  was  always 
associated  with  enormously  increased  rate  of  feeding  and  excretion.  The  feeding 
period  was  prolonged  from  5  to  10  or  more  days  and  the  amount  of  excrement 
produced  in  daily  intervals  was  drastically  enhanced.  Finally,  when  the  affected 
larvae  ultimately  pupated,  the  pupae  were  significantly  heavier  than  the  normal 
ones  (approximately  80  mg/specimen  in  contrast  to  about  65  mg  of  normal  pupae). 
More  importantly,  they  developed  almost  invariably  into  extra  pupal  instars  or  into 
adultoids. 

One  of  the  most  spectacular  physiological  effects  of  juvenoids  at  the  onset  of 
the  last  larval  instar  of  this  species  is  an  enormous  increase  in  rate  of  O^  consump- 
tion (see  Fig.  2E).  Indeed,  treated  larvae  have  consumed  as  much  as  10  ml  OL. 
per  gram  live  weight  per  hr  and  have  maintained  this  extraordinarily  elevated  rate 
for  several  days.  The  degree  of  stimulation  is  unusual  even  among  insects  which 
often  have  high  respiratory  rates  in  comparison  with  other  animals.  Additional 
experiments,  including  tests  of  other  vessel  sizes  and  KOH  concentrations,  con- 
firmed unequivocally  that  we  were  not  dealing  with  any  kind  of  artifact.  \Ye  have 
thus  discovered  an  unusual  and  specific  effect  of  juvenoids  for  which  we  suggest 
the  term  "hypermetabolism". 

Further  studies  revealed  that  the  duration  of  hypermetabolism  is  limited.  Even 
when  juvenoids  were  continuously  administered  in  excessive  amounts,  pupation 
was  not  delayed  beyond  certain  time  limits.  The  decline  of  OL>  consumption  rate 
after  several  days  of  hypermetabolism  could  not  be  prevented  by  renewed  juvenoid 
treatments,  as  is  evident  from  Figure  2\\.  Moreover,  hypermetabolism  can  lie  in- 
duced only  when  juvenoids  are  applied  during  the  feeding  period,  i.e.,  from  ecdysis 
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to  the  5th  or  6th  day  thereafter.     Later  treatments  of  the  non-feeding  last  instar 
larvae  had  no  effect  on  OL.  consumption  of  the  prepupal  stages. 

The  respiratory  quotients  determined  by  the  indirect  Warburg  method  re- 
vealed somewhat  lower  ratios  in  hypermetabolic  larvae  (0.719)  in  comparison  with 
the  equally  old  untreated  larvae  (0.755).  This  suggests  that  simultaneously  with 
the  almost  10-fold  increase  of  O^  consumption  during  hypermetabolism,  the  output 
of  CO -2  was  also  enormously  increased. 

Dependence  of  Jiypcrnictabolisin  on  nutrition 

Preliminary  experiments  revealed  that  hypermetabolism  was  seriously  limited 
or  absent  when  the  treated  larvae  were  deprived  of  food.  We  have  now  performed 
another  series  of  experiments  using  non-feeding  and  immobile  larvae  which  had 
been  ligated  behind  the  head  capsule.  According  to  Slania  ct  al.  ( 1974)  the  larvae 
of  D.  z'ltplinits  can  be  ligated  at  any  time  in  the  6th  instar  and  still  develop  into 
headless  pupae  and  adults.  Moreover,  when  treated  with  juvenoids  the  ligated 
larvae  were  subjected  to  the  same  inhibition  of  metamorphosis  as  were  normal 
feeding  larvae.  It  was  therefore  advantageous  to  use  ligated  larvae  for  OL>  con- 
sumption measurements  because  variations  due  to  differences  in  locomotory 
activity  and  food  digestion  were  thereby  avoided. 

Figure  3  presents  a  comparison  of  O2  consumption  curves  of  normal  last  instar 
larvae  and  of  individuals  ligated  shortly  after  ecdysis.  In  both  instances  the  larvae 
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FIGURE  3.  (X  consumption  of  the  last  instar  larvae  which  were  ligated  behind  the  head 
just  after  ecdysis  (broken  line;  n  =  5  specimens)  or  ligated  and  simultaneously  treated  with 
50/jiig/specimen  of  the  juvenoid  (full  line;  n  =  6  specimens).  The  dotted  line  is  taken  from 
Fig.  1  and  shows  O-  consumption  of  normal  feeding  larvae.  Small  rings  indicate  ecdysis  or 
cryptoecdysis,  respectively. 
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4.     The  same  as  in  Fig.  3  with  exception  that  the  ligatures  and  juvenoid  treatments 
after  one  day  of  feeding,  as  indicated  by  an  arrow    (full   line;   n=  10   specimens; 
n  =  5  specimens). 


developed  into  pupae  after  9  to  10  days.  The  relatively  low  rates  of  O2  consump- 
tion of  the  ligated  larvae  show  that  the  processes  of  larval-pupal  transformation 
alone  have  considerably  smaller  energetic  requirements  than  do  locomotion  and 
food  metabolism.  The  remaining  curve  in  Figure  3  show  the  course  of  O^.  con- 
sumption in  ligated  larvae  treated  with  juvenoid.  Except  for  the  first  clay  after 
treatment  their  rates  of  O2  consumption  were  less  than  that  of  normal  feeding  lar- 
vae. These  ligated  and  treated  larvae  with  completely  inhibited  metamorphosis 
maintain  a  higher  metabolic  rate  than  the  untreated  ligated  controls.  This  suggests 
that  juvenoids  may  induce  certain  metabolic  changes  even  in  the  non-feeding  larvae. 
However,  the  relative  intensity  of  these  metabolic  changes  is  only  a  small  portion 
of  that  encountered  after  hormonal  treatment  of  feeding  individuals. 

Similar  measurements  on  larvae  that  were  ligated  and  treated  with  juvenoid 
after  one  day  of  feeding  show  basically  the  same  relationships  as  have  been  de- 
scribed in  the  former  experiment  (cj.  Figs.  3  and  4).  Due  to  an  increased  content 
of  reserve  materials  in  the  body  the  larvae  which  were  ligated  and  treated  with 
juvenoid  after  one  day  of  feeding  had  a  considerably  improved  rate  of  survival. 
They  could  be  stored  for  several  weeks  without  developmental  changes.  These 
dauerlarvae  were  used  for  most  experiments  with  ecdysterone  (see  below).  These 
results,  and  other  evidence  which  will  be  published  elsewhere,  suggest  that  most 
but  not  all  of  the  hypermetabolism  is  clearly  dependent  on  the  presence  of  metabolic 
substrates  derived  from  the  ingested  food. 

Jiircnoid  effects  on  metabolism  during  the  pupal-adult  transformation 

As  in  most  Endopterygote  insects,  the  OL>  consumption  rate  of  D.  ?'ii!f>inits 
followed  a  typical  U-shaped  metabolic  curve  which  is  characteristic  for  meta- 
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morphosis.  At  the  time  of  pupal  ecdysis  (day  -1  to  0  in  Fig.  5)  there  occurs  a 
temporary  small  peak  in  Oo  consumption  which  is  associated  with  ecclysial  func- 
tions. Approximately  between  day  1  and  2  there  occurs  adult  apolysis  in  the 
untreated  control  pupae.  This  is  followed  by  pharate  adult  development  which 
culminates  by  adult  ecdysis  at  day  7.  More  important  for  our  study  are  newly 
found  changes  in  O2  consumption  which  reveal  the  course  of  metabolic  processes 
during  development  of  two  extra  pupal  instars.  This  developmental  feature  was 
achieved  by  a  single  topical  treatment  of  prepupae  with  large  doses  (100  jug  per 
specimen)  of  the  juvenoid.  The  results  in  Figure  5  show  that  the  extra  pupal 
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FIGURE  5.  Changes  in  Oa  consumption  rate  during  the  prepupal  period,  in  the  pupal  instar, 
and  at  the  beginning  of  adult  life  in  untreated  controls  (broken  line;  n  =  10  specimens). 
Small  rings  on  the  curve  indicate  the  moments  of  larval-pupal  and  pupal-adult  ecdyses.  Full 
line  (n=14  specimens)  indicates  changes  in  O-  consumption  rate  during  development  of  two 
successive  extra-pupal  instars  induced  by  a  single  topical  treatment  with  100/Vg  of  juvenoid 
per  specimen  at  the  moment  indicated  by  arrow.  Small  rings  on  the  curve  indicate  larval- 
pupal  ecdysis,  cryptoecdysis  of  the  first  extra-pupal  instar  and  cryptoecdysis  of  the  second 
extra-pupal  instar. 


molt  cycles  bring  about  specific  modification  of  the  normal  U-shaped  metabolic 
curve.  This  may  be  associated  with  a  different  type  of  growth  among  the  tissues. 
While  the  untreated  group  of  pupae  underwent  a  pharate  adult  development  from 
day  1  to  day  7,  the  treated  group  of  pupae  underwent  development  simultaneously 
without  morphogenesis  resulting  in  the  formation  of  first  extra  pupal  instar  at 
day  5  (this  stage  is  usually  referred  to  as  second  pupa  or  deuteropupa).  Forma- 
tion of  the  first  extra-pupal  instar  is  then  followed  by  development  of  the  second 
extra-pupal  instar  the  cuticle  of  which  is  fully  formed  around  the  day  11. 

The  first  and  second  supernumerary  or  extra-pupal  instars  had  perfectly 
developed  pupal  epidermal  patterns.  The  extra-pupal  cuticles  were  fully  formed 
one  or  two  days  earlier  than  the  adult  cuticle  in  untreated  controls.  They  were 
well  sclerotized  and  pigmented  and  the  old  endocuticle  of  the  previous  instars  was 
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regularly  digested.  However,  in  spite  of  the  presence  of  these  typical  symptoms  of 
ecdysis,  the  actual  act  of  eclosion  from  the  old  exuvia  never  occurred  in  any  of 
these  stationary  pupal-pupal  molts. 

In  individual  C>2  consumption  curves  for  each  specimen,  we  have  observed  that 
the  mentioned  modification  of  the  U-shaped  metabolic  pattern  appears  also  in  a 
few  instances  where  still  a  third  extra-pupal  development  (not  shown  in  Fig.  5) 
has  taken  place.  We  thus  induced  a  series  of  several  pupal-pupal  molts  with 
inhibited  morphogenesis  which  were  analogous  to  larval-larval  molts  as  seen  in 
normal  development.  However,  in  contrast  to  the  larval  molt  cycles  the  induced 
repetitions  of  pupal  molts  were  not  connected  with  somatic  growth. 

Metabolism  during  the  ecdysterone-induced  molt  cycles 

In  the  feeding  period  of  the  last  larval  instar,  ecdysterone  (10  /^g/ specimen) 
caused  more  or  less  opposite  effects  to  juvenoids.  For  instance,  juvenoids  in- 
creased the  rate  of  feeding  and  stimulated  hypermetabolism  while  ecdysterone 
suppressed  or  completely  abolished  feeding  and  reduced  metabolic  rate.  It  is 
possible  that  such  an  inhibitory  effect  of  ecdysterone  is  partly  related  to  hyper- 
ecdysonism  (cf.  Williams,  1968).  In  contrast  to  juvenoid  applications,  all  larvae 
injected  with  these  large  doses  of  ecdysterone  underwent  precocious  molt  in  3  days. 

The  experiments  with  ecdysterone  in  the  feeding  or  starved  larvae  did  not  allow 
us  to  identify  an  exact  proportion  of  the  metabolic  intensity  which  would  be 
attributed  to  the  induced  molt  cycles.  This  was  caused  by  relatively  large  varia- 
tions in  Oo  consumption  due  to  differences  in  feeding  and  locomotory  activity.  Our 
attention  was  centered  on  immobile  last  instar  larvae  with  inhibited  metamorphosis. 
These  were  obtained  from  larvae  that  had  been  ligated  and  simultaneously  treated 
with  the  juvenoid  (50  /Ag/specimen)  after  one  day  of  feeding.  From  the  moment 
of  juvenoid  application  the  process  of  metamorphosis  was  completely  inhibited  and 
the  larvae  remained  for  weeks  at  the  morphogenetic  stage  corresponding  to  the 
one-day-old  last  instar  larvae.  The  initial  course  of  Oo  consumption  of  these 
ligated  dauerlarvae  has  been  given  in  Figure  4.  Approximately  15-day-old  dauer- 
larvae  maintained  a  very  steady  rate  of  Oo  consumption.  This  allowed  one  to 
distingush  accurately  even  small  changes  in  Oo  consumption. 

Injections  of  small  amounts  of  ecdysterone  into  15-day-old  dauerlarvae  restored 
the  larval-pupal  molt  cycles.  Approximately  6  to  7  days  after  injection  there 
appeared  morphologically  perfect  headless  pupae  with  fully  pigmented  pupal  cuticle 
(Fig.  6A).  After  injections  the  rate  of  Oo  consumption  was  increased  but  this  was 
later  followed  by  a  U-shaped  curve  of  O2  consumption  prior  to  pupation.  This 
metabolic  pattern  induced  by  small  amounts  of  ecdysterone  (0.5  /tg/specimen)  is 
similar  to  that  found  before  pupation  in  the  normal  development  (cf.  Figs.  1  and 
6A).  The  controls  injected  with  solvent  did  not  develop  at  all.  They  exhibited 
an  injury  effect  on  Oo  consumption  which  did  not  last  for  more  than  about  24  hr. 

When  injected  with  large  doses  of  ecdysterone  (10  jug/specimen),  all  the 
dauerlarvae  underwent  an  extra-larval  molt  in  3  days.  The  extra  larvae  showed 
reduced  bristles  and  incomplete  dark  larval  pigmentation  on  some  parts  of  the 
body.  It  is  worthwhile  to  note  that  the  same  effect  was  also  obtained  when 
ecdysterone  was  directly  injected  into  one-day-old  normal  last  instar  larvae.  Some 
of  the  extra  larvae  continued  to  develop  into  morphologically  perfect  but  headless 
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FIGURE  6.  Effect  of  ecdysterone  on  O-  consumption  of  the  dauerlarvae.  These  were  ob- 
tained by  ligaturing  behind  the  head  and  by  topical  treatment  with  50//xg/specimen  of  the 
juvenoid  in  the  one-day-old  last  instar  larvae.  The  injections  of  ecdysterone,  which  are  indi- 
cated by  arrows,  were  made  when  the  dauerlarvae  were  15  to  20  days  old.  A  shows  the  (X> 
consumption  of  specimens  injected  with  0.5/Vg  of  ecdysterone.  These  developed  into  headless 
pupae  after  6-7  days  (full  line;  n  =  5  specimens  out  of  10  individual  0?  consumption  curves). 
Small  ring  indicates  larval-pupal  cryptoecdysis.  Broken  line  shows  O-  consumption  of  the 
controls  injected  with  equal  amounts  of  the  solvent  solution  (n  =  specimens).  B  shows  the 
Os  consumption  of  specimens  which  received  10/,ug  of  ecdysterone.  Broken  line  (n  =  15 
specimens)  represents  larvae  which  exhibited  extra-larval  cryptoecdysis  (indicated  by  small 
ring)  and  died  afterwards.  Full  line  (n  =  5  specimens  out  of  10  individual  curves)  represents 
larvae  which  exhibited  extra-larval  cryptoecdysis  and  then  pupal  cryptoecdysis  which  is  indi- 
cated by  second  ring.  The  dotted  line  is  taken  from  Figure  6A  and  shows  O-  consumption  of 
the  controls. 


pupae.  As  seen  in  Figure  6B,  there  was  no  remarkable  difference  between  the 
injury  response  of  controls  and  the  ecdysterone  injected  larvae  during  the  initial 
24  hr  period.  Later,  at  the  2nd  and  3rd  day  when  the  injury  metabolism  has 
faded  out.  the  dauerlarvae  injected  with  ecdysterone  respired  at  about  twice  the  rate 
of  the  controls.  And  there  appeared  also  a  small  peak  in  O-  consumption  indicating 
unsuccessful  ecdysis.  Specimens  which  developed  further  into  pupae  after  having 
experienced  the  extra-larval  molt  exhibited  a  similar  type  of  the  U-shaped  meta- 
bolic course  as  in  Figures  1 ,  3  and  6B. 

It  may  be  anticipated  that  differences  in  O^  consumption  between  the  controls 
with  completely  inhibited  morphogenesis  and  the  ecdysterone  injected  specimens 
undergoing  extra-larval  or  larval-pupal  molts  would  indicate  approximately  the 
amount  of  metabolic  energy  required  for  performance  of  the  respective  molt  cycles. 
Our  results  have  demonstrated  that  in  relation  to  certain  physiological  functions 
such  as  are  food  digestion  and  intensive  locomotion,  the  energetic  requirements  for 
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the  morphogenetic  process  alone  are  relatively  minor.  This  conclusion  is  supported 
by  the  drastic  changes  in  respiratory  metabolism  which  take  place  during  the  3-day 
larval-larval  molt  cycle  in  the  growing  5th  instar  larvae  (cf.  Fig.  1)  in  contrast  to 
a  relatively  small  increase  in  metabolic  intensity  found  in  the  ecdysterone  induced 
3-day  larval-larval  molt  cycles  which  take  place  in  the  non-feeding  ligated  dauer- 
larvae  (Fig.  6B). 

Because  our  measurements  were  performed  in  dailv  intervals  they  would  not 
record  any  possible  short-term  effects  of  ecdysterone  on  OL.  consumption.  For  this 
reason  we  performed  an  additional  experiment  with  the  injections  of  large  doses  of 
ecdysterone  into  the  above  described  dauerlarvae.  The  O2  consumption  rate  was 
then  measured  in  successive  one  hr  intervals  (hiring  24  hrs.  The  results  are  shown 
in  Figure  7.  It  appears  that  the  ecdysterone  treated  specimens  have  a  slightly 
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FIGI/KK  7.  Same  as  in  Figure  6B  except  that  O-  consumption  readings  were  taken  in  60 
min  intervals  (full  line;  n  =  8  specimens).  Broken  line  (n  =  5  specimens)  shows  O-  consump- 
tion of  the  controls  injected  with  the  solvent  alone.  The  arrow  indicates  the  moment  of 
injection. 

elevated  respiratory  rate  during  the  initial  5  hr  period  after  the  injection.  We 
are  not  certain,  however,  whether  this  is  a  specific  response  to  ecdysterone  or 
merely  a  result  of  variability  in  responses  to  epidermal  injury.  Somewhat  later, 
from  7  hr  alter  injections,  the  individual  variations  in  Oi>  consumption  diminished. 
Subsequently,  the  ecdysterone  treated  specimens  exhibited  slow  but  continuous 
increase  in  OL.  consumption  rate  over  the  control  level. 

DISCUSSION 

Several  authors  studying  the  effect  of  hormones  on  respiratory  metabolism  in 
insects  came  to  the  conclusion  that  the  effects  were  indirect  depending  on  the  degree 
of  morphological  and  physiological  changes  induced  in  the  reacting  tissues  (  Pflug- 
felder,  1952;  Neugebauer,  1961;  Novak  and  Slama,  1964,  1965,  1968,  1971; 
Luscher  and  Leuthold,  1965;  Wigglesworth,  1965b;  Sehnal  and  Slama,  1966). 
Our  results  with  the  bioanalogues  of  insect  hormones  are  in  full  accord  with  this 
conclusion.  We  have  demonstrated  that  juvenoids  can  cause  enormous  increases 
of  respiratory  metabolism  when  applied  at  certain  periods  in  insect  development 
whereas  they  are  ineffective  or  cause  completely  different  metabolic  responses  when 
applied  at  some  other  developmental  period.  Similarly,  ecdysterone  has  a  depressive 
metabolic  influence  when  injected  into  feeding  larvae  although  it  stimulates  metab- 
olism in  connection  with  induced  molt  cvcles. 
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The  results  obtained  in  D.  i'iilf>huis  also  support  earlier  assumptions  (Slama, 
1968,  1971;  Sehnal  and  Slama,  1966;  Slama  ct  al.,  1974)  that  each  of  the  hor- 
monally  conditioned  developmental  cycles  in  insects  is  characterized  by  certain 
specific  patterns  of  total  body  metabolism.  A  retrospective  look  into  literature  on 
metabolism  during  insect  postembryonic  development  ( Kuznetzov,  1953 ;  Wiggles- 
worth,  1965a)  reveals  that  the  basic  type  of  metabolic  changes  described  here  for 
the  larval-larval,  larval-pupal,  and  pupal-adult  molt  cycles  may  be  a  rather  common 
phenomenon  among  insects  belonging  to  quite  different  taxonomic  groups.  It  is 
obvious  from  the  results  that  the  quality  and  timing  of  action  of  the  hormones  are 
essential  for  determination  of  the  respective  category  of  the  developmental  and 
metabolic  cycles.  However,  the  present  findings  on  Dcrinestcs  also  indicate  that 
the  metabolic  responses  of  the  tissues  are  not  solely  dependent  on  the  hormonal 
milieu  but  are  also  subject  to  different  feed-back  reactions  which  may  be  mediated 
by  nutritional  conditions,  availability  of  endogenous  metabolic  substrates,  onto- 
genetic  stage  of  the  cells,  etc. 

The  modified  U-shaped  metabolic  pattern  found  in  the  experimentally  induced 
extra-pupal  instars  of  Dcrinestcs  appears  to  be  very  similar  to  that  observed  by 
Gilbert  and  Schneiderman  (1961)  and  Steen  (1961)  in  saturniid  pupae  treated 
with  Cecropia  extracts  containing  juvenile  hormone.  In  addition,  similar  modi- 
fication of  the  U-shaped  metabolic  curve  in  metamosphosis  of  Tcncbrio  has  been 
found  by  Schmialek  and  Drews  (1965)  and  by  Geyer,  Herda  and  Schmialek 
(1968)  after  treatments  with  farnesol  derivatives.  In  all  these  instances  the  main 
difference  between  the  juvenile  hormone  induced  extra-pupal  development  and  the 
normal  adult  development  was  the  absence  of  elevated  respiration  which  normally 
occurred  prior  to  adult  eclosion.  This  metabolic  increase  is  associated  among  other 
factors  with  an  extensive  development  of  imaginal  thoracic  musculature.  Because 
growth  and  differentiation  of  adult  thoracic  muscles  are  inhibited  during  the  extra- 
pupal  development,  we  assume  that  the  absence  of  adult  musculature  may  well 
account  for  the  mentioned  differences  in  metabolism. 

The  most  spectacular  effect  of  hormone  analogues  in  Dcrmestes  is  undoubtedly 
the  hypermetabolism  in  the  final  larval  instar.  In  normal  development,  the  young 
larval-larval  instars  which  are  commonly  believed  to  develop  in  the  presence  of  a 
high  titre  of  juvenile  hormone,  have  as  a  rule  much  higher  respiratory  metabolism 
(per  unit  of  live  weight)  than  the  last  instar  larvae.  In  Gallcria  for  example,  the 
extra-larval  molt  cycles  induced  by  implantations  of  corpora  allata  also  show  in- 
creased rate  of  respiratory  metabolism.  In  addition,  the  extra-larval  development 
has  shown  a  type  of  metabolic  course  similar  to  that  normally  found  in  the  penulti- 
mate and  younger  larval  instars  (Sehnal  and  Slama,  1966).  In  Gallcria,  however, 
the  metabolic  increase  associated  with  the  extra-larval  development  was  relatively 
small  compared  with  hypermetabolism  in  Dermcstcs,  where  the  tremendous  meta- 
bolic stimulation  was  not  a  result  of  an  extra-larval  molt  cycle. 

The  values  of  respiratory  quotients,  which  are  close  to  0.7  during  hypermetabo- 
lism, suggest  that  oxygen-poor  substrates  such  as  are  lipids  are  being  metabolized. 
Provided  that  this  can  be  confirmed  by  a  direct  lipid  analysis  it  would  then  indicate 
that  hypermetabolism  in  Dennestes  may  represent  a  reciprocal  effect  to  allatectomy 
which  is  commonly  associated  with  decreased  lipid  metabolism  and  their  accumula- 
tion in  the  body  (Engelmann,  1970). 
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Since  most  of  the  compounds  with  juvenile  hormone  activity  are  oxygen-poor 
isoprenoids  rich  in  methylene  groupings,  it  is  also  possible  that  these  compounds 
will  he  increasingly  metabolized  during  hypermetabolism.  This  idea  is  supported 
by  our  observations  that  feeding  larvae  which  show  hypermetabolic  responses  re- 
quire up  to  100  times  larger  doses  of  juvenoid  for  the  5-day  delay  in  pupation  than 
do  ligated  larvae  where  hypermetabolism  does  not  occur.  It  seems  that  the  body 
reacts  at  this  critical  period  at  the  onset  of  metamorphosis  to  the  unwanted  presence 
of  juvenile  activity  by  mobilizing  certain  metabolic  systems  for  its  deactivation  or 
excretion.  We  are  convinced  that  the  hypermetabolism  constitutes  a  part  of  the 
physiological  "anti-juvenile"  mechanisms  which  are  known  to  operate  in  the  last 
larval  instar  of  this  species  (Slama  ct  a!.,  1974). 

It  has  been  reported  recently  (Whitmore,  Gilbert  and  Ittycheriah,  1974)  that 
juvenile  hormone  applied  to  saturniid  pupae  induces  formation  of  carboxyesterase 
enzymes  which  in  turn  inactivate  the  juvenile  hormone  esters.  At  present  we  have 
no  evidence  to  show  that  an  increased  ester  hydrolysis  (which  also  involves 
splitting  of  glycerides)  would  be  associated  with  hypermetabolic  responses  to 
juvenoids  in  Dermestes. 

In  contrast  to  the  extensive  amount  of  data  on  various  biochemical  effects  of 
ecdysoids,  our  knowledge  concerning  their  effects  on  total  body  metabolism  is 
mainly  based  on  indirect  evidence  derived  from  metabolic  changes  in  metamor- 
phosis and  postdiapause  development.  The  results  obtained  with  ecdysterone  in 
Dermestes  suggest  that  the  mode  of  action  of  this  hormone  does  not  depend  on  an 
immediate  metabolism  stimulating  effect.  Its  depressive  effects  on  metabolism  of 
feeding  larvae  can  be  explained  by  precocious  secretion  of  the  new  cuticle  during 
which  process  the  larvae  usually  stop  feeding  and  reduce  locomotion.  On  the 
other  hand,  in  the  non-developing  and  immobile  stages,  with  low  basal  metabolism 
of  maintenance,  ecdysterone  clearly  stimulates  more  or  less  pronounced  elevation  of 
the  metabolic  rate.  Changes  in  metabolism  that  follow  later  after  ecdysterone 
injections  are  determined  by  the  type  and  extent  of  the  morphogenetic  events,  i.e., 
by  the  respective  category  of  the  developmental  cycle  in  question. 

SUMMARY 

1.  Treatment  of  the  early  last  instar  larvae  with  juvenoids  caused  enormous 
increase  in  respiratory  metabolism  which  is  referred  to  as  hypermetabolism.     Dur- 
ing this  process  the  larvae  consumed  as  much  as  10  ml  of  oxygen  per  gram  live 
weight  per  hour.     It  is  anticipated   that   hypermetabolism   constitutes   part  of   a 
physiological   "anti-juvenile"   mechanism   in  Dermestes.     The  effect  is   associated 
with  considerably  enhanced  food  consumption  and  excretion.     The  phenomenon 
was  virtually  absent  when  juvenoids  were  applied  to  non-feeding  larvae  or  pupae. 

2.  Single  treatment  of  prepupal  stages  with  large  doses  of  juvenoids  induced 
the  formation  of  several  extra-pupal  instars.     Each  of  them  exhibited  a  slightly 
modified  type  of  the  U-shaped  metabolic  course. 

3.  Ecdysterone  caused  an  indirect  inhibition  of  the  total  body  metabolism  in  the 
feeding  larvae.     In  the  non-feeding,  immobile  dauerlarvae  it  slowly  increased  the 
metabolic   rate  over  the  low   maintenance  level.      In   connection    with   stimulation 
of  the  molt  cycles  by  ecdysterone  there  were  specific  patterns  in  respiratory  metab- 
olism which  corresponded  to  the  larval-larval  or  larval-pupal  development. 


K.  SLAMA  AND  M.  HODKOVA 

4.  Botli  the  hormonal  bioanalogues,  i.e..  juvenoids  and  ecdysterone,  are  be- 
lieved to  have  an  indirect  effect  on  the  total  body  metabolism.  The  effect  depends 
on  the  quality  and  degree  of  morphological  and  physiological  changes  conditioned 
by  the  hormonal  milieu  and  on  certain  feed-back  reactions.  It  has  been  confirmed 
that  each  of  the  developmental  cycles  in  insects,  such  as  are  larval-larval,  larval- 
pupal,  and  pupal-adult  molt  cycles,  can  be  also  characterized  by  a  specific  pattern 
in  the  course  of  respiratory  metabolism. 
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THE  INFLUENCE  OF  LIGHT  IN  THE  DEPTH    REGULATION 

OF  CRAB  LARVAE1 

STEPHEN  D.  SULK  IN  - 
Department  of  Zoology,  Duke  I'nivcrsity.  Durham.  Xortli  Carolina 

Light  has  been  described  as  the  principal  environmental  factor  controlling  the 
vertical  distribution  of  planktonic  animals  (see  e.g.,  Bainbridge,  1961  ;  Thorson, 
1964).  Previously,  the  author  has  demonstrated  that  responses  of  larvae  of  two 
Xanthid  crabs,  Leptodius  floridanus  (Gibbes)  and  Panopcus  licrbstii  Milne- 
Edwards,  to  gravity  and  hydrostatic  pressure  provide  a  depth  regulatory  mecha- 
nism in  the  absence  of  light  (Sulkin.  1973  ). 

In  this  study,  experiments  were  conducted  to  determine  the  photic  responses 
of  larvae  of  the  same  two  species.  The  results  of  these  experiments  and  an  assess- 
ment of  the  influence  of  light  on  depth  regulation  are  presented  here. 

MATERIALS  AND  METHODS 

Ovigerous  specimens  of  L.  floridanus  were  obtained  commercially  throughout 
the  year  from  Florida ;  ovigerous  specimens  of  P.  hcrbstii  were  collected  along  rock 
jetties  and  oyster  shoals  near  Beaufort,  North  Carolina,  from  May  until  October. 

Both  species  have  four  zoea  stages  and  one  megalopa.  Rearing  conditions  were 
chosen  on  the  basis  of  work  done  on  P.  hcrbstii  by  Costlow,  Bookout  and  Monroe 
(1962).  A  temperature  of  25°  C  and  a  salinity  of  25%-c  were  selected  as  the  com- 
bination best  suited  for  successful  development  in  both  species.  Larvae  from  each 
female  were  kept  in  mass  culture  in  several  large  finger  bowls.  Cultures  were 
maintained  in  constant  temperature  cabinets  with  a  photoperiod  of  12  hours  of 
light.  Larvae  were  transferred  daily  to  clean  bowls  of  filtered  seawater  and  fed 
freshly-hatched  Artcinia  salina  nauplii. 

To  study  photic  responses,  a  sample  of  larvae  was  pipetted  into  an  observation 
tank,  which  was  then  sealed  and  inserted  into  one  of  the  two  observation  compart- 
ments in  the  control  cabinet  illustrated  in  Figure  1.  The  interior  of  the  compart- 
ment was  lined  with  styrofoam,  painted  flat  black.  The  light  source,  a  150  \Y 
incandescent  bull),  could  be  positioned  at  either  end  of  the  tank  and  aimed  along  its 
axis.  A  sheet  of  ground  glass  was  inserted  between  the  bulb  and  the  observation 
compartment  to  diffuse  the  light.  To  eliminate  the  possibility  of  a  temperature 
gradient,  the  observation  compartments  were  insulated  from  the  light  sources  by 
two  Plexiglas  plates,  separated  by  an  air  space.  A  dim  red  back-light  behind  the 
observation  compartments  silhouetted  the  larvae.  The  entire  cabinet  could  be 
positioned  vertically,  as  shown  in  Figure  1,  or  horizontally. 

The  observation  tank  was  constructed  of  1.2  cm  thick  transparent  Plexiglas, 
measuring  61  cm  long  with  an  internal  cross  sectional  area  of  6.45  cm-.  Based 

1  Contribution   No.    596   from   the   Chesapeake    Biological    Laboratory,    Natural    Resources 
Institute,  University  of  Maryland. 

2  Present  address  :   Chesapeake  Biological  Laboratory,  Solomons,  Maryland  20688. 

333 


334 


STEPHEN  D.  SULKIN 


Front 


S  ide 


1D 

G 

H 

»H 

E-* 

0 

J 

C* 

[o 

G 

FIGURE  1.  Light  cabinet  (figure  not  drawn  to  scale)  :  A.  chamber  for  observation  tank; 
B.  light  chamber ;  C.  light  bulbs ;  D.  ventilation  outlets ;  E.  red  back-light  window ;  F.  styro- 
fuam  insulation;  G.  rear  dead  space  ventilation  area;  H.  frosted  glass;  I.  red  filter;  J.  back- 
light source. 

upon  published  values  for  oxygen  consumption  of  zoea  and  megalopa  larvae 
(Vernberg  and  Costlow,  1966),  the  volume  of  the  tank  (500  ml)  should  have 
been  sufficient  to  provide  ample  oxygen  for  the  number  of  larvae  used  and  the 
duration  of  the  observations.  Indeed,  there  was  no  observed  change  in  behavior 
during  the  course  of  the  experiments  which  could  be  attributed  to  oxygen  deficit. 
Specific  details  for  each  experiment  are  described  with  the  results. 

RESULTS 
Orientation  to  light 

Light,  at  an  intensity  of  10  foot-candles  (ft.-c),  was  aimed  along  the  axis  of  the 
observation  tank  from  one  end.  The  tank  was  positioned  horizontally  so  that 
gravity  responses  were  isolated  from  those  of  light. 

Figure  2  illustrates  the  primary  orientations  assumed  by  zoeae  of  all  stages.  Of 
the  two  primary  orientations  observed,  that  illustrated  in  Figure  2A  was  most 
common.  When  movement  begins,  the  rostral  spine  and  antennae  are  pointed 
down  and  away  from  the  light.  The  dorsal  spine  is  pointed  toward  the  light  with 
its  main  axis  at  an  angle  approximately  30°  above  the  horizontal  plane.  The  ab- 
domen remains  flexed.  This  orientation  is  accompanied  by  prolonged  bursts  of 
swimming. 

In  the  other  primary  orientation  (Figure  2B),  movement  proceeds  backward, 
with  the  eyes  facing  away  from  the  light  and  the  rostral  spine  and  antennae  pointed 
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FIGURE  2.  Orientation  typical  of  zoea  stages  in  horizontal  light  (light  is  coming  from  the 
right  of  the  diagram  as  indicated  by  the  arrows ;  the  figure  is  not  drawn  to  scale)  :  A.  position 
most  frequently  observed  in  horizontal  light;  B.  position  occasionally  observed  (see  text  for 
details). 

down.  The  dorsal  spine  is  held  upright.  The  abdomen  does  not  remain  flexed, 
but  flicks  periodically.  This  behavior  may  be  stimulated  by  a  tendency  to  sink, 
since  larvae  assuming  this  orientation  characteristically  were  located  at  the  top  of 
the  horizontal  tank. 

The  megalopa  swims  by  the  use  of  pleopods  located  on  the  extended  abdomen. 
Periods  of  inactivity  or  slow  crawling  are  interrupted  by  a  "jump"  tip  into  the 
middle  of  the  tank,  followed  by  a  series  of  looping  movements  which  carry  the 
megalopa  toward  the  light. 

Secondary  orientation  in  response  to  light  was  tested  in  the  following  manner. 
Samples  of  each  zoea  stage  and  the  megalopa  of  L.  floridanus  were  placed  in  each 
of  two  horizontal  observation  tanks  and  allowed  to  disperse  in  darkness  (dim  red 
back-light).  After  1  hour,  light  (TO  ft.-c)  was  aimed  along  the  axis  of  one  of  the 
tanks  from  one  side.  Larvae  in  the  other  tank  remained  in  darkness.  At  intervals 
shown  in  Table  I,  the  number  of  larvae  in  the  half  of  the  tank  nearest  the  light 
source  were  counted,  as  were  those  in  one  half  of  the  control  tank  (chosen  at  ran- 
dom). Results  of  repeated  tests  for  each  stage  are  shown  in  Table  I  as  percent  of 
total  sample.  In  all  four  zoea  stages  and  in  the  megalopa,  net  movement  was 
toward  the  light  (positive  phototaxis) . 

A  similar  experiment  was  conducted  on  the  first  and  fourth  (last)  zoea  stages 
and  the  megalopa  of  P.  hcrbstii.  Based  on  the  results  with  L.  floridanus,  a  control 
was  not  deemed  necessary.  The  results  are  shown  in  Table  II.  Again,  net  move- 
ment was  toward  the  light  (positive  phototaxis). 

Responses  to  changes  in  light  intensity 

The  response  of  zoea  larvae  to  various  light  intensities  was  measured  in  the 
following  manner.  A  sample  of  larvae  was  pipetted  into  the  observation  tank  which 
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TABLE  I 

Leptodius  floridanus:  the  per  cent  of  total  sample  in  half  of  observation  tank  nearest  light  source 

(experimental)  or  in  randomly  chosen  half  of  tank  in  darkness  (control)  at  specified 

time  intervals.      (N  =  total  number  of  larvae  tested  in  each  case.) 


Time  (min) 

Stage  of 

N 

development 

0 

2 

4 

6 

8 

ID 

20 

30 

40 

50 

60 

Zoea  I 

177 

Control 

51 

50 

50 

50 

53 

53 

50 

51 

50 

47 

50 

172 

Experimental 

49 

78 

84 

88 

90 

90 

92 

94 

94 

93 

93 

Zoea  1  1 

57 

Control 

50 

53 

53 

53 

51 

51 

51 

53 

53 

47 

51 

59 

Experimental 

49 

88 

95 

97 

95 

93 

97 

97 

97 

92 

93 

Zoea  III 

59 

Control 

51 

54 

51 

53 

51 

47 

51 

56 

49 

49 

49 

56 

Experimental 

48 

86 

91 

91 

93 

95 

96 

93 

96 

95 

95 

Zoea  IV 

60 

Control 

50 

45 

45 

43 

43 

47 

47 

45 

47 

47 

48 

100 

Experimental 

49 

86 

93 

95 

96 

95 

96 

96 

95 

94 

94 

Megalopa 

45 

Control 

53 

53 

47 

47 

40 

40 

47 

53 

47 

47 

47 

45 

Experimental 

51 

56 

62 

64 

71 

73 

78 

82 

82 

84 

89 

was  then  placed  in  the  light-temperature  cabinet  in  the  horizontal  position.  The 
larvae  were  attracted  to  one  end  of  the  tank  by  a  dim  light.  A  light  of  known  in- 
tensity was  then  aimed  along  the  axis  of  the  tank  from  the  opposite  end.  As  the 
larvae  swam  toward  it,  individuals  were  timed  as  they  traversed  a  10  cm  long  space 
marked  off  in  the  middle  of  the  tank.  Larvae  pausing  for  more  than  2  seconds  were 
discounted.  At  each  light  intensity  50  individuals  of  L.  floridanits  (Stage  I  and 
Stage  IV)  and  30  of  P.  Jicrhstii  (Stage  I)  were  timed.  Swimming  speed  was 
calculated  in  cm/sec. 

Four  light  intensities  were  tested.  As  measured  by  an  irradiance  meter  at  the 
end  of  the  tank  nearest  the  light  source,  they  were  10  ft.-c,  30  ft.-c,  50  ft.-c,  and 
70  ft.-c.  Higher  intensities  could  not  be  tested  in  the  apparatus  because  of  the 
heat  produced.  Diminution  of  intensity  along  the  10  cm  observation  interval  was 
negligible. 

Data  for  each  species  or  stage  was  subjected  to  the  formal  test  of  linearity 
(Li,  1964).  Although  the  data  from  all  three  showed  linearity,  only  in  the  first 
zoea  stage  of  P.  Jicrbstii  was  the  slope  of  the  regression  significantly  different  from 


TABLK  1 1 

Panopeus  herbstii:  the  per  cent  of  total  sample  in  half  of  the  observation  tank 

nearest  light  source  at  specified  time  intervals.  (N  =  total  number  of 

larvae  tested  in  each  case.) 


Time  (min) 

Stage  of 

N 

development 

0 

2 

4 

6 

X 

in 

20 

30 

40 

SO 

60 

Zoea  1 

176 

48 

85 

83 

82 

85 

87 

91 

82 

82 

83 

85 

Zoea  IV 

96 

49 

77 

81 

85 

83 

87 

90 

92 

89 

91 

93 

Megalopa 

52 

50 

52 

58 

62 

64 

70 

74 

74 

74 

81 

81 
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FIGURE  3.  Regression  of  swimming  rate  as  a  function  of  light  intensity  in  the  first  zoea 
stage  of  P.  Iierbstii.  The  two  parallel  dashed  lines  represent  one  standard  error  to  either  side 
of  the  solid  regression  line.  The  points  indicate  mean  swimming  rates  measured  for  each 
larval  stage  at  each  light  intensity  (P.  hcrlistii.  Stage  I:  open  circles;  L.  floridanns.  Stage  I: 
solid  circles;  L.  floridawus,  Stage  IV:  solid  squares.) 

zero  (P  <  0.025).  The  line  of  regression  and  standard  errors  are  shown  in  Figure 
3.  An  increase  in  swimming  rate  with  an  increase  in  light  intensity  is  clearly 
indicated  in  this  stage.  Although  both  the  first  and  fourth  zoea  stages  of  L.  flori- 
danns showed  slight  increases  in  swimming  rate  with  an  increase  in  light  intensity, 
the  slopes  were  not  statistically  significant  (Stage  I  =  0.05  <  P  <  0.10 ;  Stage 
IV  =  P  >0.25).  The  mean  swimming  rates  for  L.  floridanns  ranged  from  0.80 
to  1.04  cm/sec  (Stage  I)  and  from  0.82  to  0.97  cm/sec  (Stage  IV):  mean 
swimming  rates  for  P.  hcrbstii  (Stage  I)  ranged  from  0.48  to  0.86  cm/sec  (Fig.  3  ). 

Vertical  distribution  in  light  from  aboz'C 

Samples  of  each  zoea  stage  and  the  megalopa  were  placed  in  each  of  two  hori- 
zontal observation  tanks  and  allowed  to  disperse  in  darkness  (dim  red  back-light). 
After  1  hour,  the  tanks  were  rotated  slowly  to  the  vertical  position,  and  the  number 
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TABLE  1 1 1 

Leptodius  floridanus :  the  per  cent  of  total  sample  in  the  upper  half  of  the  observation  tank  at  the  specified 
tin/c  intervals  during  "lighted  tank"  experiments.     Italicized  values  are  those  measured  in 
the  "dark  tank"  experiments.      These  values  were  taken  from  Sulkin,  1973,  Table  /, 
page  76.      (N  =  total  number  of  larvae  tested  in  each  case.) 


Time  (min) 

Stage  of 

N 

development 

(1 

2 

4 

6 

8 

10 

20 

30 

40 

50 

60 

Zoea  I 

172 

51 

70 

77 

78 

74 

74 

64 

66 

61 

55 

56 

181 

53 

60 

60 

62 

5* 

6(9 

57 

50 

47 

54 

57 

Zoea  11 

52 

50 

58 

60 

63 

69 

71 

65 

63 

63 

71 

69 

59 

49 

29 

24 

27 

27 

29 

34 

J7 

41 

4/ 

42 

Zoea  III 

92 

51 

62 

72 

74 

73 

70 

66 

73 

67 

71 

73 

99 

49 

32 

30 

33 

39 

3<? 

3<S 

J7 

40 

41 

J£ 

Zoea  IV 

98 

51 

62 

58 

55 

58 

60 

55 

52 

53 

55 

54 

98 

49 

28 

19 

/P 

/* 

2^ 

17 

18 

22 

77 

/<5 

Megalopa 

45 

49 

29 

33 

33 

31 

33 

31 

31 

31 

31 

31 

44 

50 

9 

7 

7 

7 

5 

0 

0 

0 

0 

0 

of  larvae  in  the  upper  half  of  each  tank  \vas  counted  (time  --  0).  Larvae  in  one 
of  the  two  tanks  were  then  subjected  to  light  (10  ft.-c )  aimed  down  the  axis  of 
the  tank  from  above ;  the  other  tank  remained  in  darkness.  Numbers  of  larvae  in 
the  upper  half  of  each  tank  were  counted  at  prescribed  intervals.  The  results  of 
the  "dark  tank"  experiment  have  been  reported  in  detail  elsewhere  (Sulkin,  1973; 
see  discussion). 

The  "lighted  tank"  experiment  was  conducted  only  on  larvae  of  L.  floridanus, 
Results  of  repeated  tests  for  each  stage  are  shown  in  Table  III  as  per  cent  of  total 
sample.  ("Dark  tank"  values  are  included  for  comparison.  The  values,  in  italics, 
were  taken  from  Sulkin,  lc)73,  Table  I,  page  76.)  In  the  lighted  tank,  the  first 
zoea  stage  showed  a  net  upward  movement,  with  values  ranging  from  a  high  of 
78%  at  the  six  minute  interval  to  a  low  of  55  %>  at  50  minutes.  The  second  and 
third  zoea  stages  also  showed  a  net  upward  movement,  with  values  ranging  from 
71%  to  58%  and  from  74%  to  62%.  respectively.  The  fourth  zoea  stage  showed 
little  net  movement,  with  values  ranging  from  62%  to  52%.  The  megalopa  reached 
an  equilibrium  at  31  %  after  20  minutes. 

In  order  to  assess  the  impact  of  light  on  vertical  distribution,  the  values  ob- 
tained in  the  "lighted  tank"  were  compared  with  those  in  the  "dark  tank"  at  the 
time  of  termination  of  both  experiments  (60  min).  The  per  cent  increase  of  the 
former  over  the  latter  is  shown  in  Table  IV.  Light  exerts  a  negligible  effect  upon 


TABLE  IV 

Leptodius  floridanus:  the  per  cent  increase  in  values  obtained  in  the  "lighted  tank"  experiment  over 
those  obtained  in  the  "dark  tank"  experiment  at  the  60  min  interval. 


Zoea  I 

Zoea  II 

Zoea  III 

Zoea  IV 

Megalopa 

-1.8 

64.2 

92.1 

237.5 

GO 
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the  net  vertical  distribution  of  the  first  zoea  stage,  but  substantially  increases  the 
per  cent  of  total  sample  in  the  upper  half  of  the  tank  in  each  of  the  succeeding 
larval  stages. 

These  vertical  distribution  values  represent  equilibria,  with  frequent  exchange 
of  larvae  between  the  upper  and  lower  halves  of  the  tank. 

Relative  influence  of  light  and  gravity  as  orienting  stimuli 

The  zoea  stages  of  L.  floridanus  and  P.  herbstii  have  been  shown  here  to  be 
positively  phototactic  and  have  been  reported  previously  to  be  negatively  geotactic 
(Sulkin,  1973).  The  influence  of  light  and  gravity  can  be  opposed  experimentally 
if  a  sample  of  larvae  in  a  vertically  positioned  tank  is  subjected  to  light  aimed  up 
from  below  ("experimental").  The  relative  strength  of  the  two  stimuli  can  be 
assessed  by  comparing  the  vertical  distribution  under  the  experimental  conditions 
just  described  with  that  obtained  when  gravity  alone  is  the  stimulus.  The  latter 
condition  can  be  simulated  in  a  vertically  positioned  tank  in  darkness  ("control"). 
After  a  1-hour  exposure  to  each  of  the  two  conditions,  the  number  of  larvae  in  the 
bottom  quarter  of  each  tank  was  counted.  The  pooled  results  of  five  independent 
tests  are  shown  in  Table  V  and  are  expressed  as  per  cent  of  the  total  sample. 

TABLE  V 

Percentages  of  first  stage  zoeae  found  in  the  bottom  quarter  after  the  sample  has  been  subjected  to  cither 

the  control  or  the  experimental  conditions  for  one  hour.      Total  number  of  larvae  subjected  to 

each  test  are  shown  in  parentheses.     Five  independent  tests  were  conducted  in 

each  case. 

Stimulus  L.  floridanus  P.  herbstii 

Control*  43  (N  ==  179)  7  (N  ==  165) 

Experimental**  94  (N  ==  152)  99  (N  ==  164) 

*  Tank  vertical,  no  light;  gravity  only  taxis  clue. 
**  Tank  vertical,  light  from  below;  gravity  and  light  taxis  clues  present  and  opposed. 


A  greater  per  cent  of  larvae  was  present  at  the  bottom  when  light  was  aimed 
up  from  below  than  when  gravity  alone  was  the  orienting  stimulus.  It  can  be  in- 
ferred from  this  data  that  light  response  dominates  that  of  gravity  in  a  majority 
of  the  first  stage  zoeae  of  L.  floridanus  and  P.  herbstii. 

Since  the  megalopa  of  L.  floridanus  and  P.  herbstii  are  both  positively  photo- 
tactic  (as  reported  here)  and  positively  geotactic  (Sulkin.  1973),  the  stimulating 
influences  of  light  and  gravity  are  opposed  in  nature.  This  situation  can  be  simu- 
lated experimentally  by  shining  light  down  from  above  ("experimental").  The  im- 
pact of  light  upon  the  vertical  migration  of  megalopa  can  be  tested  by  comparing 
results  obtained  in  the  "experimental"  condition  with  those  obtained  using  a 
vertical  tank  in  darkness  ("control").  The  per  cent  of  megalopa  present  in  the 
bottom  quarter  of  control  and  experimental  tank  are  shown  in  Table  A  1. 

The  application  of  light  aimed  down  from  above  stimulated  only  30%  of  L. 
floridanus  and  10%  of  P.  herbstii  to  swim  up  from  the  bottom.  It  is  apparent  that 
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TABLE  VI 

Percentages  of  megalopa  found  in  the  bottom  quarter  after  the  sample  has  been  subjected  to  either  the 

control  or  the  experimental  conditions  for  one  hour.      Total  numbers  of  larvae  subjected  to 

each  test  are  shown  in  parentheses.      Three  independent  tests  were  conducted  in 

each  case. 

Stimulus  L.  floridanus  P.herbstii 

Control*  100  (N  =  44)  100  (N  =  50) 

Experimental**  70  (N  ==  45)  90  (N  ==  50,) 

*  Tank  vertical,  no  light;  gravity  only  taxis  clue. 
**  Tank  vertical,  light  from  above;  gravity  and  light  taxis  clues  present  and  opposed. 

the  positive  gravity  response  is  dominant  in  a  majority  of  the  megalopa  of  both 
species. 

DISCUSSION 

The  use  of  light  in  experimental  studies  of  behavior  of  aquatic  animals  is  a  sub- 
ject of  considerable  controversy.  In  his  review  of  light  as  a  factor  influencing  the 
distribution  of  invertebrate  larvae,  Thorson  (1964)  examined  the  question.  He  con- 
cluded that  no  standard  rules  for  determining  experimental  light  conditions  were 
possible  because  light  penetration  is  so  heavily  dependent  upon  local  hydrographic 
conditions.  The  choice  of  experimental  intensities  is  governed  ultimately  by  the 
hydrographic  conditions  associated  with  the  species'  habitat  and  by  limitations  im- 
posed by  the  experimental  design. 

Larvae  of  both  L.  floridanus  and  P.  hcrhstii  are  likely  to  be  found  in  estuarine 
and  nearshore  coastal  areas.  In  his  study  of  crab  larval  distribution  in  the  Newport 
River  Estuary  near  Beaufort,  North  Carolina,  Pinschmidt  (1963)  reported  mean 
secchi  disc  readings  of  from  0.28  m  to  1.56  m.  Readings  generally  were  lowest 
during  the  spring  and  summer,  the  time  of  greatest  abundance  of  brachyuran  larvae. 
A  mean  value  of  0.46  m  can  be  calculated  for  the  period  between  May  and  October 
at  Pinschmidt's  station  3,  located  midway  along  the  salinity  gradient  in  the  lower 
Newport  River.  To  estimate  the  depth  reached  by  \%  of  ambient  radiant  energy, 
secchi  disc  depth  can  be  multiplied  by  a  factor  of  3.5  (Holmes,  1970).  Thus  only 
\%  of  ambient  surface  radiation  is  present  at  a  depth  of  1.6  m.  Field  studies  have 
indicated  that  larvae  of  xanthid  crabs  are  found  in  greatest  abundance  at  depths 
which  exceed  l.o  m  by  factors  of  from  2  to  9  (  Bousfield.  W65;  Dudley  and  Judy. 
1971  ;  Sandifer,  1973)" 

It  thus  appears  that  proper  experimental  procedure  requires  the  use  of  very 
low  intensities.  A  range  of  from  10  ft.-c  to  70  ft.-c  was  chosen  for  this  study  to 
meet  this  criterion.  By  comparison,  it  is  at  the  lower  end  of  the  range  used  by 
Bayne  (1964)  in  his  classic  study  of  phototaxis  in  bivalve  larvae. 

The  positive  phototaxis  described  here  for  early  zoeae  of  L.  floridanus  and  P. 
hcrbstii  confirms  the  observations  reported  by  Spooner  (1933),  Foxon  (1934), 
Christenson  and  McDermott  (1958),  and  Herrnkind  (1968)  for  other  species. 
Specific  reports  on  phototaxis  in  late  zoeae  and  megalopa  are  rare.  Welsh  (  1932) 
found  that  some  larvae  became  photonegative  as  development  proceeded  in  the 
mussel  crab  Pinnotheres  niacnlotas.  In  contrast,  the  current  study  demonstrates 


DEPTH  REGULATION  OF  CRAB  LARVAE  341 

that  in  the  two  species  tested,  late  zoeae  and  the  megalopa  remain  positively  photo- 
tactic. 

Both  of  the  primary  orientations  reported  here  have  been  described  by  Welsh 
(1932)  and  Spooner  (1933)  for  other  zoea  larvae.  Contrary  to  these  earlier  re- 
ports, however,  the  present  study  indicates  that  the  "forward"  position  illustrated 
in  Figure  2A  is  most  common.  The  location  at  the  top  of  the  horizontal  tank 
characteristic  of  the  "backward"  primary  orientation  (Figure  2B)  suggests  that 
negative  geotaxis  and  positive  phototaxis  combine  in  a  small  per  cent  of  the  larvae. 
When  primary  orientation  is  dominated  by  gravity,  movement  is  upward.  After  the 
larvae  have  reached  the  top  of  the  horizontal  tank,  they  swim  toward  the  light. 
The  backward  movement  may  be  the  only  orientation  possible  which  permits 
movement  toward  the  light  when  the  gravity  stimulus  is  dominant. 

Fraenkel  and  Gunn  (1961)  define  "high  kinesis"  as  an  increase  in  activity  which 
results  from  a  high  intensity  of  stimulus.  By  this  definition,  the  response  of  first 
stage  zoeae  of  P.  hcrbstii  to  changes  in  light  intensity  can  be  termed  high  photo- 
kinesis.  The  comparative  insensitivity  of  larvae  of  L.  floridanus  illustrates  that 
there  may  be  considerable  variability  in  behavior  among  larvae  of  closely  related 
species.  The  difference  between  these  two  species  may  be  due  to  the  apparent 
higher  intrinsic  rate  of  swimming  in  larvae  of  L.  floridanus  as  compared  to  P. 
hcrbstii.  L.  floridanus  larvae  may  be  swimming  at  or  near  their  physical  capacity 
even  at  low  light  intensities. 

The  relative  influence  of  light  and  gravity  as  taxis  stimuli  is  of  special  signif- 
icance in  the  megalopa.  The  dominant  positive  geotaxis  shown  by  the  megalopa  is 
in  conflict  with  the  results  reported  by  Rice  (1966)  for  megalopa  of  Macropipus  sf>. 
and  Carcinns  inaenas,  both  of  which  exhibited  negative  geotaxis.  However,  the 
apparent  presence  in  this  stage  of  conflicting  orienting  stimuli  results  in  a  dynamic 
situation  which  could  cause  considerable  variation  in  response  among  different 
species.  The  specific  responses  of  each  species  may  be  related  to  habits  of  the 
adult  or  to  specific  requirements  for  metamorphosis. 

The  author  has  suggested  elsewhere  that  the  responses  of  larvae  of  L.  floridanus 
and  P.  herbstii  to  gravity  and  hydrostatic  pressure,  combined  with  characteristic 
passive  sinking  rates,  provide  a  mechanism  for  depth  regulation  in  the  absence  of 
light.  Laboratory  studies  suggested  that  the  four  zoea  stages  and  the  megalopa  of 
each  species  assume  a  differential  vertical  distribution,  with  succeeding  stages 
showing  a  deeper  net  distribution  (Sulkin,  1973). 

The  application  of  light  at  low  intensities  alters  this  basic  pattern  considerably. 
The  response  varies  with  each  larval  stage.  While  the  net  vertical  distribution  of 
the  first  zoea  stage  appears  not  to  be  influenced  by  light,  the  remaining  stages 
show  a  much  higher  per  cent  of  the  sample  in  the  upper  half  of  the  tank  (Table  IV). 

Although  a  pattern  of  differential  vertical  distribution  is  retained,  the  relation- 
ships among  the  larval  stages  are  different.  The  second  and  third  stages  may  show 
a  more  shallow  net  distribution  than  does  the  first  stage,  although  the  fourth  zoea 
stage  and  the  megalopa  are  deeper.  It  is  apparent,  however,  that  the  deeper  posi- 
tion of  late  developmental  stages  is  not  due  to  a  change  in  phototaxis  as  has  been 
theorized  for  some  other  groups  of  larvae  (Thorson,  1964). 

Because  light  is  such  a  variable  parameter  in  the  marine  environment,  its 
impact  upon  vertical  distribution  should  be  considered  supplementary  to  the  pat- 
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tern  shown  by  crab  larvae  in  the  absence  of  light.  The  more  shallow  net  distribu- 
tion of  most  stages  when  light  is  present  indicates  that  an  intrinsic  mechanism  for 
diurnal  vertical  migration  is  present.  Experimental  evidence  thus  indicates  that 
larvae  should  move  up  toward  the  surface  during  the  day  and  gradually  disperse 
downward  at  night.  Such  a  pattern  has  been  reported  in  field  studies  of  larvae 
of  the  lobster  Homarus  ainericanus  (Templeman  and  Tibbo,  1945). 

By  scattering  vertically,  meropelagic  larvae  may  encounter  horizontal  currents 
moving  in  different  directions  at  different  depths,  thus  increasing  the  potential  for 
dispersal.  Differential  vertical  distribution  through  ontogeny  provides  an  intrinsic 
mechanism  for  enhancing  vertical  scattering  during  larval  development.  This 
study  has  demonstrated  that  the  response  of  larvae  to  light  superimposes  upon  the 
basic  pattern  an  additional  mechanism  for  vertical  scattering ;  namely,  diurnal 
vertical  migration. 
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SUMMARY 

1.  Experiments  were  conducted  to  determine  the  phototaxis  responses  of  each 
larval  stage  of  two  species  of  Xanthid  crabs  and  to  assess  the  influence  of  light  on 
depth  regulation. 

2.  Two  primary  orientations  in  response  to  light  are  described. 

3.  Secondary  orientation  in  response  to  light  results  in  positive  phototaxis  in  all 
four  zoea  stages  and  the  megalopa  of  each  species. 

4.  In  response  to  changes  in  light  intensity,  the  first  zoea  stage  of  P.  herbstii 
demonstrated  high  photokinesis.     Although   some  increase  in   swimming  rate  in 
response  to  increased  light  intensity  was  noted  in  larvae  of  L.  fioridanus,  particu- 
larly in  the  first  zoea  stage,  the  differences  were  not  statistically  significant.     It  is 
suggested  that  larvae  of  L.  fioridanus  may  swim  at  their  capacity  at  low  light  in- 
tensities, in  contrast  to  larvae  of  P.  herbstii. 

5.  Light  response  dominates  that  of  gravity  in  the  first  zoea  stage;  in  the  mega- 
lopa, gravity  response  dominates  that  of  light  in  a  majority  of  individuals. 

6.  Light  aimed  down  the  axis  of  the  observation  tank  exerts  a  negligible  effect 
upon  the  net  vertical  distribution  of  the  first  zoea  stage.     However,  the  net  dis- 
tribution of  later  larval  stages  is  shallower  in  light  than  is  the  case  in  darkness. 

7 '.  The  response  of  the  larvae  to  light  thus  superimposes  diurnal  vertical  migra- 
tion upon  the  basic  pattern  of  differential  vertical  distribution  through  ontogeny. 
These  two  characteristics  of  larval  development  will  result  in  considerable  vertical 
scattering  during  the  dispersal  phase. 
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DOSE-RESPONSE  EFFECTS  OF  GAMMA-RADIATION  ON  SEVERAL 
GROWTH  FUNCTIONS  OF  C  AMP  AN  UL  ARIA  FLEXUOSA 

JEROME  F.   WERMUTH  1   AND   CHARLES   D.   BARNES 

Department  of  Life  Sciences,   Indiana   State   University,   Tcrrc  Haute,  Indiana  47S09 

Many  studies  have  been  done  on  the  effects  of  ionizing  radiation  on  growth 
functions  of  both  fresh-water  and  marine  cnidaria.  Puckett  (1935)  suppressed 
regeneration  of  hydranth  positions  in  colonies  of  Pcnnaria  tiarclla  with  an  x-ray 
dose  of  10,000  roentgens.  Daniel  and  Park  (1951,  1953)  produced  considerable 
damage  to  the  tentacles  of  the  common  brown  hydra  by  x-irradiating  the  animals 
at  a  dose  level  of  9,600  roentgens.  Wermuth  and  Barnes  (1967,  1968)  irradiated 
various  portions  of  five-day-old  colonies  of  Campanularia  flc.rnoso.  When  starter 
material  was  irradiated  at  81,000  roentgens,  lead-shielded  new  stolons  of  the  same 
colonies  showed  an  increase  in  new  growth  over  non-irradiated  control  colonies. 

Brock  and  Strehler  (1963)  and  Strehler  (1964),  employing  x-ray  doses  of 
from  500  to  210,000  roentgens  on  ten-day-old  colonies  of  Campanularia  flc.ntosa, 
reported  an  increase  in  the  life-span  of  the  normally  cyclically-regressing  hydranths 
of  this  species  with  increasing  doses  of  radiation.  While  these  two  papers  do 
represent  dose-response  studies  on  a  single  growth  function  in  this  species,  the 
data  were  not  presented  as  dose-response  curves.  The  other  papers  presented  above 
involve  only  single-dose  studies  on  the  growth  functions  considered,  and  therefore 
cannot  be  used  to  produce  baseline  values  for  dose  effects  of  ionizing  radiation 
on  the  growth  functions  under  study. 

The  present  study  is  concerned  with  the  dose-response  effects  of  ionizing 
radiation,  specifically  gamma  radiation,  on  several  growth  functions  in  the  colonial 
hydroid  Campanularia  fle.ntosa.  The  growth  functions  monitored  post-irradiation 
for  this  study  include  the  following  :  ( 1 )  addition  of  new  stolon  material ;  (2)  addi- 
tion of  hydranth  positions  to  starters:  (3)  addition  of  uprights  to  stolons;  (4)  ad- 
dition of  hydranths  to  stolons  post-irradiation;  and  (5)  life-span  of  hydranths. 
Observations  of  certain  qualitative  phenomena  associated  with  the  gamma  radia- 
tion are  also  presented.  Finally,  comparisons  of  the  dose-response  effects  are 
noted,  leading  to  some  tentative  conclusions  concerning  the  nature  of  determina- 
tion and  differentiation  underlying  the  morphogenetic  events  associated  with  these 
growth  functions. 

METHODS 

Stock  colonies  of  the  E  strain  of  Campanularia  flc.vuosa  were  used  in  these 
experiments.  These  organisms  were  provided  by  Dr.  Sears  Crowell,  Depart- 
ment of  Zoology,  Indiana  University,  Bloomington.  Stock  colonies,  from  which 
starter  material  for  new  colonies  was  obtained,  were  maintained  in  a  25-gal- 
lon  Instant  Ocean  aquarium.  The  medium  employed  was  Instant  Ocean 
Synthetic  Sea  Salts.  Both  items  were  supplied  by  Aquarium  Systems,  Inc.,  33208 

1  Permanent  address :  Purdue  University,  Calumet  Campus,  Hammond,  Indiana  46323. 
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Lakeland  Boulevard,  East  Lake,  Ohio,  44094.  Approximately  9  liters  of  Instant 
Ocean  were  removed  once  each  week  from  the  aquarium,  and  replaced  with  an 
equal  amount  of  freshly  prepared  Instant  Ocean. 

Stock  colonies  were  fed  twice  daily  to  build  up  sufficient  biomass  for  providing 
starters  for  new  colonies,  and  irregularly  after  that,  but  always  several  times 
each  week.  Experimental  colonies  were  always  fed  twice  daily,  morning  and 
evening,  during  the  course  of  an  experiment.  In  both  cases,  the  food  consisted 
of  freshly  hatched  nauplii  of  Artemia  salina  (Metaframe  San  Francisco  Bay  Brand, 
obtainable  from  Wards  Scientific  Supply,  Rochester,  New  York)  filtered,  washed 
once  with  fresh  Instant  Ocean,  and  resuspended  after  a  second  filtering  in  fresh 
Instant  Ocean.  New  colonies  were  propagated  according  to  the  method  of 
Crowell  (1953)  ;  i.e.,  new  colonies  were  initiated  by  removing  an  upright, 
consisting  of  a  stem  and  associated  hydranths,  from  a  well-established  stock  colony. 
The  upright  was  then  placed  under  a  cotton  thread  previously  tied  the  short  way 
around  an  ordinary  microscope  slide.  [See  also  Wermuth  and  Barnes  (1969) 
for  a  diagram  of  this  technique.]  In  practice,  a  stock  colony  is  kept  in  one  petri 
dish,  and  two  already-marked  and  -tied  slides  are  kept  in  another  petri  dish. 
All  manipulations  are  done  under  a  dissecting  microscope.  Upright  removal  is 
easily  accomplished  by  using  a  small,  chromed,  curved  surgical  scissors.  The 
curvature  allows  the  investigator  to  see  the  upright  being  cut,  without  at  the  same 
time  having  an  uncomfortable  or  awkward  hold  on  the  scissors.  Further,  the 
slightly  opened  legs  of  the  curved  scissors  can  form  a  small  basket  for  catching 
the  detached  upright  and  moving  it  through  the  air-water  interface  to  the  second 
petri  dish. 

New  colonies  were  started  three  to  a  slide.  Five  slides  were  placed  in  one 
10-space  standard  staining  rack.  Each  group  of  15  new  colonies  were  referred  to 
as  a  series  for  record-keeping  considerations.  The  staining  racks  were  kept  either 
in  the  Instant  Ocean  aquarium  at  a  constant  temperature  (18°  C)  or  in  a  walk-in 
cold  room  at  9°  C.  Temperatures  were  kept  at  a  constant  value  throughout  any 
particular  experiment.  While  in  the  cold  room,  the  staining  racks  containing  the 
slides  with  growing  colonies  were  immersed  in  staining  dishes  containing  approxi- 
mately 200  ml  of  Instant  Ocean.  The  covered  staining  dishes  were  kept  on  a 
bacteriological  shaker  table  modified  to  hold  them ;  consequently,  the  colonies  were 
subject  to  a  gentle  oscillation  throughout  the  course  of  an  experiment.  For  feed- 
ing purposes  the  staining  racks  were  transferred  one-by-one  to  a  staining  dish  on 
the  shaker  table  containing  a  thick  suspension  of  brine  shrimp  nauplii  for  timed 
intervals  of  3  minutes  after  which  the  staining  rack  was  transferred  back  to  its 
original  staining  dish.  To  minimize  the  effects  of  decaying  egestate  and  metabolic 
end-products,  the  Instant  Ocean  medium  in  each  staining  dish  was  changed  through- 
out the  course  of  any  experiment  every  two  days ;  that  is,  at  approximately  48-hour 
intervals. 

Gamma  radiation  was  delivered  from  a  source  consisting  of  one  dozen  rods  of 
Co60  which  could  be  raised  or  lowered  from  a  well  located  in  the  center  of  a  room 
approximately  2m  by  2m.  For  purposes  of  irradiation,  staining  dishes  containing 
colonies  were  placed  at  set  distances  from  the  edge  of  the  well.  The  five  slides 
were  moved  to  the  five  staining  rack  slots  closer  to  the  radiation  source,  so  that 
colonies  were  oriented  with  their  long  axes  at  right  angles  to  the  radiation. 
In  other  words,  if  an  imaginary  line  were  drawn  from  each  end  of  a  colony- 
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containing  slide  to  the  source,  a  triangle  rather  than  a  straight  line  would  result. 
Bunching  the  five  colony-bearing  slides  at  one  end  of  a  staining  dish  accomplished 
the  following:  (I)  maintained  the  dose  level  of  the  slide  furthest  from  the  source 
as  close  as  possible  to  that  of  the  slide  closest  to  the  source,  and  (2)  approximated 
the  diameter  of  the  vial  containing  the  dosimetry  reagent.  Dosimetry  was  accom- 
plished by  placing  a  vial  of  HE-6  reagent  along  side  of  or  on  top  of  the  staining 
dish  at  the  level  of  the  slides.  The  HE-6  dosimetry  system  is  described  by 
McLaughlin,  Hussnumn,  Eisenlohr,  and  Chalkley  (1971). 

During  the  course  of  the  irradiation,  which  in  all  cases  was  80  minutes,  con- 
trol colonies  were  kept  in  a  control  room  adjoining  the  source  room.  The  tempera- 
ture of  the  Instant  Ocean  medium  in  the  staining  dishes  containing  the  colonies 
being  irradiated  rose  no  more  than  3°  C  during  the  irradiation  period,  control 
colony  Instant  Ocean  rose  no  more  than  2°  C  during  the  same  period.  Imme- 
diately upon  cessation  of  irradiation,  the  irradiated  medium  was  discarded  and 
fresh  Instant  Ocean  was  added  to  each  staining  dish. 

Daily  records  of  the  growth  functions  mentioned  above  were  kept  for  all 
experimental  colonies.  Daily  records  of  the  developmental  condition  of  individual 
hydranths  were  also  maintained. 

RESULTS 

Qualitatively,  no  immediate  difference  in  the  behavior  or  the  appearance  on 
irradiated  and  non-irradiated  colonies  of  Campanularia  fle.vuosa  was  observed. 
Hydranths  continued  to  feed  ;  stolons  continued  their  outward  growth.  At  24 
hours  post-irradiation,  changes  in  stolon  growth  and  hydranth  production  by 
those  colonies  which  had  received  80  Krad  were  observed.  Rarely  did  the  starters 
of  these  colonies  add  more  than  one  new  hydranth  position  ;  in  rare  cases  only 
did  this  hydranth  position  proceed  beyond  an  obviously  damaged  pedicel  stage. 
In  those  cases  where  a  hydranth  did  proceed  beyond  this  point,  a  small,  skinny- 
looking  hydranth  with  reduced  numbers  and  sizes  of  tentacles  was  produced.  These 
hydranths  did  possess  the  ability  to  capture  brine  shrimp  nauplii,  indicating  the 
presence  of  nematocytes  in  their  truncated  tentacles.  Hydranths  which  are  in  de- 
velopmental stages  beyond  the  pedicel  will  continue  to  differentiate  into  properly 
formed  and  functional  hydranths  which  evenutally  regress,  but  new  hydranths  are 
not  regenerated  from  these  positions. 

Several  cases  of  disruption  of  hydranth  polarity  by  gamma  radiation  were 
observed.  Normally,  the  long  axis  of  the  first  hydranth  of  an  upright  develops 
at  an  obtuse  angle  relative  to  the  long  axis  of  the  distal  stolon  ;  the  long  axis  of 
the  second  hydranth  emerges  at  a  90°  angle  to  the  long  axis  of  the  first,  with  suit- 
sequent  hydranths  emerging  in  alternate  fashion,  each  one  slightly  farther  away 
from  the  stolon;  i.e.,  higher  up  the  upright.  In  a  few  cases  it  was  observed  that 
in  new  uprights  which  appeared  post-irradiation,  the  first  hydranth  position  emerged 
with  its  long  axis  directed  away  from  the  starter.  In  one  case,  two  hydranth  posi- 
tions emerged  at  the  same  distance  from  the  stolon,  but  180°  from  each  other  on 
the  upright. 

Very  high  radiation  levels  (80  Krad)  almost  completely  suppressed  upright 
formation  on  stolons,  but  did  not  completely  suppress  stolon  growth  or  extension 
itself.  This  combination  of  phenomena  produced  abnormally  long  stretches  of 
distal  stolon,  i.e.,  stolon  beyond  the  last  upright.  Gamma-irradiated  stolons  never 
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showed  the  "denting"  of  the  coenosarc  described  by  Wermuth  and  Barnes  (1969) 
when  colonies  of  Campanularia  flexuosa  were  x-irradiated.  On  the  other  hand, 
the  squaring  or  blunting  of  the  normally-rounded  stolon  tip  was  observed  in 
Campanularia  flexuosa  after  exposure  to  both  gamma  radiation  and  x-irradiation. 
Quantitative  results  of  the  dose-response  studies  are  presented  in  the  follow- 
ing tables  and  figures.  These  data  are  derived  from  two  separate  experiments  con- 
ducted at  two  temperatures,  9°  C  and  18°  C.  The  9°  C-series  was  maintained 
in  individual  staining  dishes  in  a  cold  room ;  the  18°  C-series  was  maintained  in 
an  Instant  Ocean  aquarium.  The  9°  C-series  received  gamma-radiation  doses 
of  0,  16,  24,  40,  and  80  Krad.  Those  of  the  18°  C  series  received  gamma-radia- 
tion doses  of  0,  9,  18,  30  and  80  Krad.  The  difference  in  dosage  between  the 
two  experiments  was  the  result  of  an  unannounced  change  in  the  configuration 
of  the  source.  The  distance  from  the  source,  as  measured  from  a  set  point,  ranged 
from  8  through  38  cm  in  intervals  of  ten  cm  measured  from  the  set  point  to  the 
middle  of  the  5  slides  in  any  one  staining  dish.  Tables  I  and  II  are  summaries 


TABLE  I 

Summary  of  dose-response  data  for  several  growth  function  of  gamma-irradiated  colonies  of  Campanu- 
laria flexuosa.     Colonies  were  maintained  at  9°  C;  irradiation,  day  11  after  starting  colonies; 

experiment  terminated  on  day  19. 


Growth  Function 

Dose  Krad 

Response  ±  S.D. 

Number 

Avge.  mm  of  stolon 

of  colonies 

New  stolon  material  added  days  1-8  after 

0 

34.5  ±  6.2 

12 

irradiation 

16 

25.5  ±  7.9 

13 

24 

20.4  ±  5.1 

11 

40 

13.4  ±  3.6 

12 

80 

10.8  ±  4.1 

13 

Avge.  no.  added 

of  colonies 

Hydranth  positions  added  to  starters  days 

0 

14.7  ±  4.9 

15 

1-8  after  irradiation 

16 

8.6  ±  3.6 

14 

24 

5.5  ±  2.4 

13 

40 

3.3  ±  1.4 

15 

80 

0.9  ±  0.6 

15 

Avge.  no.  added 

of  colonies 

Uprights  added  to  stolons  days  1-8  after 

0 

4.0  ±  0.6 

12 

irradiation 

16 

3.2  ±  0.7 

13 

24 

2.0  ±  0.7 

11 

40 

1.0  ±  0.5 

13 

80 

0.1  ±  0.2 

14 

Avge.  no.  added 

of  colonies 

Hydranth  positions  added  to  uprights  on 

0 

13.2  ±  2.2 

12 

stolons,  days  1-8  after  irradiation 

16 

9.8  ±  3.4 

13 

24 

3.8  ±  1.6 

11 

40 

2.0  ±  1.0 

13 

80 

0.4  ±  0.5 

14 

Days 

of  hydranths 

Average  life  span,  hydranths  on  new 

0 

17.7  ±  1.3 

32 

stolons 

16 

17.4  ±  0.9 

52 

24 

19.7  ±  2.3 

46 

40 

21.5  ±  2.1 

45 

80 

25.0  ±  2.9 

29 
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TABLE  II 

Summary  of  dose-response  data  for  several  growth  functions  of  gamma-irradiated  colonies  of  Campanu- 
laria  flexuosa.     Colonies  were  maintained  at  18°  C;  irradiation,  day  9  after  starting  colonies; 

experiment  terminated  on  day  14. 


Growth  function 

Dose  Krad 

Response  ±  S.D. 

Number 

New  stolon  material  added  days  1-5  after 
irradiation 

0 
9 

Avge.  mm  of  stolon 
14.0  ±  2.8 
12.1  ±  1.4 

of  colonies 
8 
11 

18 

5.8  ±  1.4 

10 

30 

4.1  ±  1.4 

7 

80 

4.5  ±  1.3 

8 

Hydranth  positions  added  to  starters  days 
1-5  after  irradiation 

0 
9 

Avge.  no.  added 
8.1  ±  4.4 
4.9  ±  2.3 

of  colonies 
8 
11 

18 

1.4  ±  1.1 

10 

30 

1.7  ±  1.7 

7 

80 

0.1  ±0.3 

8 

Uprights  added  to  stolons  days  1-5  after 
irradiation 

0 
9 

Avge.  no.  added 
4.9  ±  0.9 
4.1  ±  0.8 

of  colonies 
8 
11 

18 

1.6  ±  0.5 

10 

30 

1.0  ±  0.8 

7 

80 

1  .  1  ±  0.3 

8 

Avge.  no.  added 

of  colonies 

Hydranth  positions  added  to  uprights  on 
stolons,  days  1-5  after  irradiation 

0 
9 

18 

21.8  ±  6.4 
11.6  ±  3.5 
3.8  ±  1.9 

8 
11 
10 

30 

1.3  ±  1.3 

7 

80 

1.4  ±  0.7 

8 

Average  life  span  of  hydranths  on  new 
stolons 

0 
9 

Days 
7.2  ±  0.8 
7.4  ±  1-1 

of  hydranths 
60 

87 

18 

8.1  ±  1.3 

74 

30 

8.4  ±  1.2 

33 

80 

8.9  ±  2.0 

42 

Average  life  span  of  hydranths  on 
starters 

0 
9 

Days 
7.1  ±  1.0 

7.5  ±  1.0 

of  hydranths 
191 

210 

18 

8.0  ±  1.2 

228 

30 

8.3  ±  1.0 

190 

80 

8.4  ±  1.5 

180 

of  the  dose-response  data  for  several  growth  functions  of  gamma-radiated  colonies 
of  Campanidaria  flc.ruosa  from  the  two  separate  experiments  described  above. 
They  contain  information  concerning  the  number  of  colonies  involved  in  each 
study,  and  the  number  of  hydranths  monitored  for  their  longevity.  Only  hydranths 
which  had  already  appeared  by  the  day  of  irradition  were  included  in  these  studies. 
Data  for  the  life  span  of  hydranths  on  starters  of  the  9°  C  are  not  available.  Note 
that  the  experiment  for  the  9°  C  colonies  terminated  8  days  after  irradiation  ;  for 
the  18°  C  colonies,  5  days  after  irradiation.  Thus,  9°  C  colonies  were  irradiated 
on  day  11  after  starting  of  colonies;  18°  C  colonies  were  irradiated  on  day  9 
after  starting  of  colonies.  Starting  day  was  day  0. 
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FIGURE  1.  Average  amount  of  new  stolon  material  in  mm  added  post-irradiation  as  a 
function  of  gamma-radiation  dose  in  Krad.  Open  circles  are  9°  C  colonies ;  closed  circles 
are  18°  C  colonies.  Vertical  bars  are  one  standard  deviation  above  and  below  means. 


Figures  1  through  6  present  graphically  the  data  presented  in  the  summary 
tables.  Figure  1  presents  data  on  the  average  amount  of  new  stolon  material,  in 
mm  of  linear  growth  as  measured  with  the  aid  of  an  eyepiece  micrometer.  With 
increasing  radiation  dose,  there  is  a  linear  decrease  in  the  average  amount  of  linear 
stolon  growth,  at  least  over  the  close  range  from  0  to  30  Krad.  An  inflection  in 
the  curve  is  noted  at  that  point,  especially  in  the  18°  C  colonies,  so  that  there  is 
little  or  no  difference  in  the  response  of  those  colonies  which  received  30  Krad 
and  those  that  received  80  Krad.  The  inflection  in  the  curve  for  the  9°  C  colonies 
is  less  evident  but  still  obvious.  A  possible  explanation  of  this  difference  will  be 
presented  later. 
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FIGURE  2.  Average  number  of  new  hydranths  added  to  colony  starting  material  post- 
irradiation  as  a  function  of  gamma-radiation  dose.  Open  circles  are  9°  C  colonies ;  closed 
circles  are  18°  C  colonies.  Vertical  bars  are  one  standard  deviation  above  and  below  means. 


In  Figure  2,  data  concerning  the  number  of  new  hydranth  positions  added  to 
starters  relative  to  the  amount  of  gamma  radiation  received  is  presented.  In 
both  cases  there  is  a  decreasing  number  of  hydranth  positions  produced  with  an 
increasing  level  of  gamma  radiation.  The  cause  of  the  upward  inflection  of  the 
18°  C-colony  curve  at  30  Krad  is  not  known.  In  any  event  there  is  little  to 
distinguish  the  average  number  of  hydranths  produced  by  starters  which  received 
IS  Krad  and  those  that  received  30  Krad  of  gamma  radiation.  In  18°  C  colonies, 
80  Krad  essentially  stops  hydranth  production.  The  point  at  80  Krad  represents 
one  new  hydranth  position  generated  by  eight  colonies  in  the  five  day  period  after 
irradiation. 

Figure  3  presents  data  on  the  number  of  new  uprights  produced  by  new  stolons 
after  gamma  radiation.  There  is  a  decrease  in  the  number  of  new  uprights  pro- 
duced with  increasing  dose  of  gamma  radiation  over  the  entire  range  from  0 
through  80  Krad  for  the  9°  C  colonies;  and  a  decrease  in  the  number  of  new 
uprights  produced  with  increasing  dose  over  the  range  from  0  to  30  Krad  for  the 
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FIGURE  3.  Average  number  of  new  uprights  added  to  new  stolons  post-irradiation  as  a 
function  of  gamma-radiation  dose  in  Krad.  Open  circles  are  9°  C  colonies;  closed  circles 
are  18°  C  colonies. 


18°  C  colonies,  with  little  difference  in  the  number  of  new  uprights  produced  by 
18°  C  colonies  which  had  received  30  Krad,  and  those  colonies  which  had 
received  80  Krad  of  gamma  radiation.  A  possible  explanation  of  this  difference 
between  9°  C  and  18°  C  colonies  will  be  presented  in  the  discussion. 

In  Figure  4,  data  are  presented  on  the  number  of  hydranth  positions  added  to 
uprights  on  stolons  of  9°  C  and  18°  C  colonies  receiving  gamma  radiation  doses 
of  0  through  80  Krad.  These  curves  are  quite  similar  to  those  presented  in 
Figure  3,  there  being  a  decrease  in  hydranth  production  with  increasing  radiation 
dose  over  the  entire  experimental  range  of  0  through  80  Krad  for  9°  C  colonies ; 
and  a  decrease  in  hydranth  production  with  increasing  radiation  dose  over  the  range 
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FIGURE  4.  Average  number  of  hydranths  added  to  uprights  of  new  stolons  post-irradia- 
tion as  a  function  of  gamma-radiation  dose  in  Krad.  Open  circles  are  9°  C  colonies;  closed 
circles  are  18°  C  colonies.  Vertical  bars  are  one  standard  deviation  above  and  below  means. 


from  0  through  80  Krad  for  18°  C  colonies  with  little  difference  in  hydranth 
production  between  18°  C  colonies  which  received  30  Krad,  and  18°  C  colonies 
which  received  80  Krad  of  gamma  radiation.  Again,  a  possible  explanation  for 
the  inflection  in  the  curve  of  18°  C  colonies  for  this  growth  function  is  presented  in 
the  discussion  section  of  this  paper. 

Figures  5  and  6  present  data  on  the  average  life  span  of  new  hydranths  on 
new  stolons  (Fig.  5)  of  9°  C  colonies  which  received  from  0  through  80  Krad 
of  gamma  radiation  ;  and  on  the  average  life  span  of  hydranths  on  both  new  stolons 
and  starters  of  18°  C  colonies  which  received  from  0  through  80  Krad  of  gamma 
radiation  (Fig.  6).  In  all  cases  there  is  an  increase  in  hydranth  life  span  with 
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FIGURE  5.  Average  life  span  of  new  hydranths  on  new  stolons  of  9°  C  colonies  as  a 
function  of  gamma-radiation  dose  in  Krad.  Vertical  bars  are  one  standard  deviation  above 
and  below  means. 

an  increase  in  radiation  close.  These  data  corroborate  the  data  presented  by 
Strehler  (1964)  and  Brock  and  Strehler  (1963)  for  x-irradiated  hydranths  of 
Campanularia  flc.vitosa.  While  the  curve  is  essentially  linear  over  the  range  of 
0  through  80  Krad  for  hydranths  of  9°  C  colonies,  there  is  an  inflection  in  the 
curve  of  18°  C  colonies  at  30  Krad.  There  is  little  difference  between  the  response 
of  hydranths  on  starters  and  hydranths  on  stolons  to  gamma  radiation  over  the 
range  of  0  through  80  Krad  in  18°  C  colonies. 

DISCUSSION 

Altman,  Gerber,  and  Okada  (1970)  have  stated  that  the  primary  radiation 
damage  consists  of  damage  to  the  cellular  DNA  itself.  Employing  this  state- 
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FIGURE  6.  Average  life  span  of  hydranths  on  starters  and  new  stolons  of  18°  C  colonies 
as  a.  function  of  gamma-radiation  dose  in  Krad.  Open  circles  are  average  life  spans  of 
hydranths  on  new  stolons  ;  closed  circles  are  average  life  spans  of  hydranths  on  starters. 


merit  as  a  starting  point,  the  data  presented  in  the  tables  and  figures  are  easily 
accounted  for  with  only  minor  problems  presented  by  the  difference  in  tempera- 
ture between  the  two  experiments.  If  the  primary  radiation  effect  is  damage  to 
cellular  DNA,  and  if  the  cellular  DNA  of  Campanularia  flc.niosa  functions  as  it 
does  in  other  organisms,  then  it  is  not  surprising  to  find  that  increasing  doses  of 
gamma  radiation  decreases  the  four  growth  functions  of :  ( 1 )  new  stolon  material 
produced,  (2)  new  hydranth  positions  added  to  starters,  (3)  new  uprights  added  to 
stolons,  and  (4)  new  hydranth  positions  added  to  uprights  on  stolons.  All  of  these 
growth  functions  presumably  depend  upon  the  production  of  new  cells.  The  greater 
the  amount  of  radiation  received  by  the  organism,  the  greater  is  the  chance  that  any 
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particular  portion  of  DNA  will  be  disrupted  by  the  ionizing  radiation.  Because  of 
both  aborted  mitoses  and  the  failure  to  manufacture  proper  messenger  RNA  mole- 
cules from  the  disrupted  DNA,  the  production  of  new  cells  that  would  be  involved 
in  stolon  growth  (as  stolon  extension),  hydranth  production,  and  upright  produc- 
tion would  be  less. 

As  a  general  rule,  the  higher  the  ambient  temperature  around  colonies  of 
Campanularia  fle.ntosa,  the  greater  is  the  rate  of  stolon  growth,  hydranth  pro- 
duction, and  upright  production.  Consequently  any  developmental  period  is 
shortened  in  time  presumably  including  the  time  during  which  a  particular  struc- 
ture is  being  determined.  In  slower  growing  colonies,  i.e.,  those  grown  at  lower 
temperatures,  there  is  a  greater  probability  of  a  structure  being  covertly  determined, 
but  not  yet  morphologically  distinct:  that  is,  the  period  of  covert  determination 
is  longer  in  slower-growing  colonies  than  it  is  in  faster-growing  colonies.  Ioniz- 
ing radiation  does  not  seem  to  interfere  with  subsequent  differentiation  after  deter- 
mination of  that  structure  has  occurred.  If  one  applies  this  criterion  to  hydranth 
development,  it  would  seem  that  hydranth  development  involves  at  least  two 
separate  determinations.  At  gamma  radiation  levels  of  30  through  SO  Krad,  at 
least,  new  hydranth  positions  do  appear  but  these  new  positions  do  not  proceed 
past  the  pedicel  stage  of  development  except  in  rare  cases.  Those  hydranths  that 
have  progressed  to  the  cone  stage  of  development  at  the  time  of  irradiation  proceed 
through  the  remaining  developmental  sequence,  become  normal-appearing  feeding 
hydranths,  and  eventually  regress,  though  they  do  not  regenerate.  Crowell  (1974) 
reported  a  similar  critical  period  of  hydranth  determination  for  dissociated  hy- 
dranths, and  actinomycin-D-treated  hydranths  of  Campanularia  flc.ruosa,  as  did 
Beloussov,  Badenko,  Katchurin,  and  Kurilo  (1972)  for  both  cyanide-treated  and 
dinitrophenol-treated  hydranths  of  this  species. 

Since  in  colonies  grown  at  higher  temperatures,  the  period  of  covert  determina- 
tion without  morphological  appearance  is  shorter  than  in  colonies  grown  at  lower 
temperatures,  it  would  not  be  surprising  to  find,  if  the  value  of  30-40  Krad  is 
accepted  as  the  maximum  dose  needed  to  suppress  determination,  that  a  gamma 
radiation  dose  of  80  Krad  would  yield  little  or  no  greater  effect  in  faster  growing 
colonies  with  few  structures  in  covert  determination,  but  would  cause  an  apparently 
greater  effect  in  slower-growing  colonies  in  which  the  period  of  covert  determina- 
tion is  much  longer.  The  lack  of  any  effect  on  18°  C  colonies  dosed  with  80  Krad 
over  those  dosed  with  30  Krad  will  appear  as  an  inflection  at  30  Krad  in  the  dose- 
response  curves  of  those  growth  functions  so  considered.  Likewise,  the  apparent 
effect  in  9°  C  colonies  at  both  40  Krad  and  80  Krad  will  be  no  inflection  in  these 
dose-response  curves.  It  is  suggested  that  if  colonies  were  carefully  controlled  as 
to  ambient  temperature  over  the  range  of  9°  C  through  18°  C  in  small  steps  of 
perhaps  1°  C,  and  then  if  such  colonies  were  gamma-irradiated  at  a  dose  level 
of  80  Krad,  an  estimate  of  the  time  required  for  the  determination  of  hydranth 
positions  could  be  made. 


This  work  was  performed  while  the  first  author  was  a  National  Cancer  Institute 
Special  Research  Fellow.  During  his  tenure,  he  was  also  a  visiting  assistant 
professor  in  the  Department  of  Life  Sciences,  Indiana  State  University,  Terre 


356  J.  F.  WERMUTH  AND  C.  D.  BARNES 

Haute,  Indiana.  He  wishes  to  thank  Dr.  Charles  D.  Barnes  of  that  department 
for  his  aid  and  sponsorship.  This  work  was  performed  under  fellowship  1  FO3 
C14  53590-01  from  the  National  Institutes  of  Health. 

SUMMARY 

1.  Colonies  of  Campanularia  flc.vuosa  were  gamma-irradiated  with  doses  rang- 
ing from  0  through  80  Krad.     Several  growth  functions  were  monitored.     These 
growth   functions  include  hydranth   production   by   starters   and   stolons,   upright 
production  by  stolons,  stolon  growth,  and  longevity  of  hydranths  on  both  starters 
and  stolons. 

2.  All  growth  functions  show  a  decrease  with  increasing  doses  of  gamma  radia- 
tion,  except  hydranth  longevity.      Hydranth   longevity  increases  with   increasing 
dose. 

3.  A  difference  in  temperature  yields  differences  in  the  growth-response  curves 
of  these  growth  functions. 

4.  The  implications  of  the  dose-response  curves  are  discussed  in  terms  of  the 
hypothesis    that    the    primary    effect    of    ionizing    radiation    is    damage    to    DNA 
molecules. 
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Explanations  of  figures  should  be  typed 'double-spaced  and  placed  on  separate  sheets  at  the  end 
of  the  paper. 

3.  A  condensed  title  or  running  head  of  no  more  than  35  letters  and  spaces  should  be  included. 
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Naturally-occurring  hemagglutinating  proteins  (lectins)  are  widely  distributed 
in  nature  and  are  finding  numerous  applications  in  immunologic  and  cancer  re- 
search. The  most  thoroughly  studied  lectins  are  those  derived  from  plants  such 
as  concanavalin  A  (from  the  jack  bean),  red  kidney  bean  agglutinin  (PHA), 
wheat  germ  agglutinin,  and  soybean  agglutinin.  Phytohemagglutinins  possess 
many  interesting  biological  and  chemical  properties  in  addition  to  their  ability  to 
agglutinate  red  cells.  Some  lectins  are  specific  for  human  ABO  and  MN  blood 
groups  and  have  been  used  in  blood  typing  and  studies  of  blood  group  specificity 
(Boyd,  1963;  1970).  Certain  lectins  act  as  mitogens  stimulating  blast  formation 
and  mitosis  of  lymphocytes  (Robbins,  1964;  Naspitz  and  Richter,  1968).  Since 
lectins  bind  specifically  to  cell-surface  saccharides,  they  provide  a  new  method 
for  the  study  of  the  architecture  of  cell  surfaces.  Lectins  are  of  particular  interest 
because  some  are  capable  of  preferential  agglutination  of  cultured  mammalian  cells 
that  have  been  transformed  by  oncogenic  viruses  or  chemical  oncogens,  as  well 
as  cells  from  spontaneous  tumors  (Aub,  Sanford  and  Cote,  1965;  Burger,  1969; 
Inbar  and  Sachs,  1969;  Sela,  Lis,  Sharon  and  Sachs,  1970). 

The  presence  of  these  unusual  biochemical  properties  in  plant  lectins  has 
stimulated  renewed  interest  in  naturally-occurring  hemagglutinins  from  other 
sources,  particularly  invertebrate  animals.  In  the  course  of  our  study  of  humoral 
immune  factors  of  tunicates,  we  found  a  quite  active  panagglutinin  in  Halocyntliia 
pyriformis,  which  will  be  described  in  this  paper.  Tunicates  occupy  a  unique 
phylogenetic  niche  between  the  vertebrates  and  invertebrates.  In  light  of  the  great 
differences  in  immunological  specificity  and  memory  phenomena  between  verte- 
brate and  invertebrates,  tunicates  assume  a  high  degree  of  importance  in  the  study 
of  the  phylogeny  of  immunity.  Recently  several  studies  of  hemagglutinins  in 
tunicates  have  appeared  (Fuke  and  Sugai,  1972;  Wright.  1974);  the  lectin  de- 
scribed in  this  paper  apparently  differs  in  both  biochemistry  and  activity  from 
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hemagglutinins  from  other  tunicate  species.  In  addition  to  basic  biophysical  and 
chemical  characteristics  of  the  lectin,  we  present  data  on  specificity,  inhibition  by 
saccharides,  and  sensitivity  to  chemically-modified  erythrocytes. 

MATERIALS  AND  METHODS 
Experimental  animals  and  hemolymph  collection 

The  ascidians,  Halocynthia  pyrijormis  and  Boltcnia  ovijera,  were  collected  in 
the  Bay  of  Fundy  by  Marine  Research  Associates,  New  Brunswick,  Canada; 
Ciona  intestinalis  was  supplied  by  the  Marine  Biological  Laboratory,  Woods  Hole, 
Massachusetts.  The  animals  were  held  at  approximately  15°  C  in  150  gallon 
marine  aquaria  (Aquarium  Systems,  Inc.,  Eastlake,  Ohio)  until  used.  After 
expressing  the  sea  water  held  within  the  branchial  sac,  the  ascidians  were  bled 
through  incisions  made  in  the  tunic  beneath  the  excurrent  siphon.  As  much  as 
10  ml  of  hemolymph  could  be  collected  from  one  large  ascidian.  The  hemolymph 
was  collected  on  ice  and  used  immediately  after  removal  of  hemocytes  by  cen- 
trifugation. 

Hemag glut 'motion  assays 

Pooled  normal  blood  in  Alsever's  solution  (1:1)  from  various  mammalian  and 
avian  species  were  obtained  from  the  Animal  Blood  Centre,  Inc.  (Syracuse,  New 
York).  The  cells  were  washed  in  Alsever's  solution  and  resuspended  to  give 
stock  solutions  of  10°  cells/ml.  The  stock  solutions  were  stored  at  4°  C.  Prior 
to  use,  aliquots  of  the  stock  erythrocytes  were  diluted  in  0.15  M  NaCl  to  a  con- 
centration of  108/ml.  Hemolymph  (cell-free)  was  serially  diluted  in  0.15  M  NaCl 
and  an  equal  volume  of  dilute  erythrocytes  was  added  to  each  tube.  Agglutina- 
tion titers  are  expressed  as  the  reciprocal  of  the  lowest  dilution  of  hemolymph 
which  caused  visible  agglutination  at  a  given  time  of  incubation. 

HeniolympJi  trca  tin  en  ts 

The  effect  of  trypsin  was  determined  by  incubating  tunicate  hemolymph  for 
60  min  at  37°  C,  in  the  presence  of  5-500  Mg/ml  Type  III  trypsin.  All  chemicals, 
except  where  otherwise  indicated,  were  obtained  from  Sigma  Chemical  Company, 
St.  Louis,  Mo. 

Hemolymph  was  heated  in  a  thermostatically-controlled  water  bath  over  a 
wide  range  of  temperatures  and  for  various  time  intervals,  to  determine  the  heat 
lability  of  the  hemagglutinin.  Hemagglutination  was  carried  out  at  various  pH 
values  in  appropriate  buffers  to  determine  its  sensitivity  to  hydrogen  ion  concen- 
tration. 

Rapid  freezing  and  thawing  of  hemolymph  was  carried  out  by  freezing  in  an 
ethanol-dry  ice  mixture  followed  by  thawing  under  warm  water. 

Several  methods  were  used  to  remove  most  of  the  divalent  cations  from  hemo- 
lymph samples.  The  hemolymph  was  dialyzed  at  room  temperature  against  Ca++ 
and  Mg++-free  Hank's  balanced  salt  solution  (Grand  Island  Biological  Company, 
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New  York)  containing  0.02%  EDTA  (ethylenediamine  tetraacetic  acid,  disodium 
salt).  Hemolymph  and  EDTA  (1.56  :  K)-3-2.5  X  1Q-2  M  final  concentration) 
were  incubated  for  3  hr  at  room  temperature  followed  by  dialysis  against  0.15  M 
NaCl,  60  hr  at  room  temperature.  The  calcium  and/or  magnesium  ion  concen- 
tration in  dialyzed  or  untreated  hemolymph  was  adjusted  by  additions  of  CaCl2 
or  MgClo. 

Dialysis  of  hemolymph  for  24  hr  at  room  temperature  against  deionized  water 
resulted  in  the  production  of  a  light  flocculation.  This  flocculant  material  was 
removed  by  centrifugation  at  about  1090  g  for  10  min  and  was  readily  soluble  in 
0.15  M  NaCl.  This  fraction  was  shown  to  contain  almost  all  of  the  hemagglutinat- 
ing  activity  of  native  hemolymph.  The  hemagglutinin  could  also  be  obtained  by 
treating  the  hemolymph  with  30-50%  ammonium  sulfate  (18  hr  at  4°  C).  The 
resulting  precipitate  was  centrifuged  out  as  above,  washed  several  times  with 
deionized  water,  and  dissolved  in  0.15  M  NaCl.  Total  hemagglutinating  activity 
was  recovered  in  the  precipitate ;  the  supernatant  had  no  activity. 

Adsorption  studies  were  carried  out  to  determine  the  specificity  of  the  hemag- 
glutinin. Hemolymph  was  adsorbed  with  109  washed  erythrocytes/ml  hemolymph 
for  1  hr  at  37°  C.  The  red  cells  were  removed  by  centrifugation,  and  the  hemolymph 
was  again  adsorbed  with  a  comparable  quantity  of  fresh  erythrocytes  at  the  same  tem- 
perature and  time.  The  red  cells  were  again  centrifuged  out  and  the  hemolymph 
serially  diluted  for  the  agglutination  assay.  Control  hemolymph  was  unadsorbed 
but  was  incubated  at  37°  C  for  2  hr. 

Since  many  plant  and  invertebrate  lectins  combine  with  specific  sugar  moieties, 
the  inhibitory  action  of  certain  monosaccharides  commonly  found  in  the  glyco- 
proteins  of  red  cell  membranes  on  the  tunicate  hemagglutinin  was  assayed.  The 
sugars  tested  included  D-glucose,  D-galactose,  D-mannose,  L-fucose,  L-arabinose, 
D-xylose,  N-acetyl-D-galactosamine,  N-acetyl-D-glucosamine,  and  N-acetylneu- 
raminic  (sialic)  acid.  Hemolymph  was  serially  diluted  in  10~5-0.25  X  10~3  M 
solutions  of  the  various  sugars,  and  the  mixture  was  incubated  1  hr  at  23°  C. 
Horse  erythrocytes  were  then  added,  as  previously  described,  and  the  activity  of 
the  hemagglutinin  determined.  When  the  indicator  cells  used  were  human  red 
cells,  the  agglutination  studies  were  carried  out  in  the  presence  of  20  HIM  CaCU- 

Chemical  modification  of  erythrocytes 

Enzyme-treated  erythrocytes  have  been  shown  to  be  agglutinated  more  strongly 
by  plant  lectins  than  untreated  cells.  The  effect  of  tunicate  hemagglutinin  on 
several  kinds  of  chemically-altered  cells  is  reported  in  this  paper. 

Red  cells  (108/ml)  were  incubated  in  an  equal  volume  of  0.1  mg  Sigma  Type 
III  (bovine  pancreatic)  trypsin/ml  Hank's  balanced  salt  solution  for  10-30  min 
at  37°  C.  The  cells  were  then  washed  4  times  in  saline  and  resuspended  so  that 
the  final  red  cell  concentration  was  108/ml.  Horse  erythrocytes  (2  ml  of  109/ml) 
were  incubated  in  20  ml  0.01%  bromelain  for  10-30  min  at  37°  C,  followed  by 
4  washes  and  resuspended  in  saline.  The  agglutination  of  erythrocytes  (1  volume 
packed  red  cells:!  volume  enzyme  solution)  incubated  at  37°  C  for  10-60  min  in 
the  presence  of  Sigma  Type  V  protease  ("pronase"  from  Streptomyces  griseus) 
was  also  studied. 
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RESULTS 
Hemagglutinating  actirity  in  Halocynthia  pyrifurmis  hemolymph 

Halocyntliia  hemolymph  contains  naturally-occurring  hemagglutinin(s)  for  a 
wide  range  of  avian  and  mammalian  erythrocytes.  The  agglutinin  is  specific  for 
certain  blood  cells ;  its  titer  for  any  given  kind  of  erythrocyte  shows  little  varia- 
tion among  individual  ascidians  of  the  same  species.  The  red  cells  could  be 
divided  into  two  major  groups  with  regard  to  sensitivity  to  the  lectin.  Weakly 
agglutinated  erythrocytes  (titers  ranging  from  2  to  32)  include  human,  pigeon, 
rabbit,  sheep,  swine,  goat,  calf,  and  ox.  Much  higher  titers  (64-512)  were  con- 
sistently recorded  for  duck,  goose,  chicken,  turkey,  guinea  pig,  and  horse  red  cells. 
Horse  cells  were  the  most  readily  agglutinated  and  were  frequently  used  as  indi- 
cator cells  in  further  studies  of  the  properties  of  the  hemagglutinin.  As  discussed 
elsewhere,  the  presence  of  Ca++  in  the  median  generally  increased  the  titers  for  all 
red  cell  types.  The  hemagglutinin  was  not  specific  as  to  the  A,  B,  O  antigens  of 
human  erythrocytes. 

Homogenates  of  branchial  sac  tissue  also  contained  agglutinating  activity  for 
human  and  horse  erythrocytes.  It  is  quite  possible  that  this  activity  resulted  from 
the  presence  of  hemolymph  in  this  tissue ;  it  was  technically  impossible  to  obtain 
hemolymph-free  tissue  samples. 

The  hemagglutinating  activity  of  the  hemolymph  was  not  affected  by  incuba- 
tion with  low  concentrations  of  trypsin  for  60  min  at  .37°  C.  However,  trypsin  con- 
centrations over  500  /"-g/ml  hemolymph  did  substantially  reduce  hemagglutination. 

Sensitivity  of  the  lectin  to  heat,  pll  and  freezing  and  flunking  and  storage 

The  lectin  was  shown  to  be  heat-labile  at  temperatures  exceeding  50°  C.  In- 
cubation of  hemolymph  at  temperatures  ranging  from  l°-48°  C,  for  periods  of 
1-2  hr,  did  not  inhibit  its  strong  hemagglutinating  activity  for  horse  erythrocytes. 
This  activity  was  abolished  by  any  of  the  following  time  and  temperature  regimens : 
120  min  at "50°,  60  min  at  53°,  30  min  at  55°,  or  15  min  at  58°  C. 

The  agglutination  of  horse  erythrocytes  by  tunicate  hemolymph  was  slight  at 
extreme  pH  values  (5  and  11).  Activity  was  quite  strong  over  a  comparatively 
wide  range  of  pH  6-10.  The  highest  titers  were  recorded  about  pH  8-9. 

Repeated  (20  X  )  freezing  and  thawing  of  the  hemolymph  had  no  appreciable 
effect  on  the  titer  of  the  lectin  against  horse  red  cells. 

The  hemagglutinin  retained  full  activity  for  at  least  2  days  when  held  at  25°  C. 
No  activity  was  lost  during  the  first  5  days  at  4°  C ;  thereafter  the  activity  gradu- 
ally declined  but  was  still  quite  strong  for  as  long  as  2  months  at  this  temperature. 
Stability  could  be  considerably  prolonged  by  storing  the  hemolymph  at  —5°  C. 

Role  of  divalent  cations  in  heinagghitinin  actirity 

Dialysis  of  hemolymph  against  EDTA -containing  balanced  salt  solution  for  24 
hr  resulted  in  marked  diminution  of  the  ability  of  the  hemolymph  to  agglutinate 
horse  or  human  B  erythrocytes.  Hemolymph  incubated  with  6.25  X  10~3  M  (or 
higher)  EDTA  for  3  hr  at  room  temperature  lost  its  activity  for  human  A,  B,  or 
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horse  erythrocytes ;  the  EDTA  was  removed  by  dialysis  prior  to  determination  of 
titers. 

If  the  hemagglutination  reaction  was  carried  out  in  the  absence  of  added  Ca+*, 
no  agglutination  of  human  A  red  cells  was  detected ;  the  presence  of  20  mM  CaCl2 
resulted  in  marked  hemagglutination  with  titers  of  128  or  higher.  Horse,  swine, 
and  calf  erythrocytes  agglutinated  in  the  absence  of  added  Ca++  but,  with  the 
exception  of  calf  cells,  were  more  extensively  agglutinated  in  the  presence  of  20 
mM  CaCl2.  This  stimulatory  effect  of  Ca++  could  be  shown  in  concentrations  of 
1-100  HIM  added  to  untreated  hemolymph.  The  effects  of  low  concentrations  of 
Ca++  on  hemagglutinin  activity  are  more  pronounced  if  the  hemolymph  is  dialyzed 
against  water  (24  hr,  25°  C)  and  the  flocculated  protein  redissolved  in  saline. 
The  addition  of  5  mM  of  CaClo  quadruples  the  titer  observed  in  the  absence  of 
Ca++;  further  increase  in  Ca++  concentration  has  no  effect  on  the  titer. 

It  would  appear  that  Mg++  cannot  substitute  for  Ca++  in  these  reactions.  At  low 
concentrations  (0.1-1  HIM)  added  Mg++  has  little  or  no  effect  on  hemagglutination 
titers;  however,  at  higher  concentrations  (10-100  HIM)  Mg++  in  the  medium  in- 
hibits the  reaction.  The  hemagglutinating  activity  of  protein  derived  from  hemo- 
lymph by  dialysis  against  deionized  water  is  markedly  inhibited  by  5  mM  MgCl2 
and  abolished  by  30  HIM  Mg++  present  in  the  medium. 

Effect  of  temperature  of  incubation 

The  effect  of  incubation  temperature  on  the  hemagglutinin  titer  for  human  A, 
horse,  sheep,  rabbit,  guinea  pig,  ox,  and  goat  erythrocytes  was  determined.  Gen- 
erally, the  titers  obtained  at  1°  C  were  about  the  same  as  those  measured  at  25°  C 
for  all  erythrocytes  tested ;  however,  the  reactions  were  less  intense  at  the  lower 
temperature.  Stronger  reactions  and  higher  titers  were  usually  recorded  at  37°  C, 
particularly  in  the  case  of  sheep,  guinea  pig,  and  goat  erythrocytes. 

Dialysis  and  salting  out  of  lieiiiagglutinin 

The  hemagglutinin  is  resistant  to  dialysis  against  0.15  M  NaCl  for  24  hr  at 
room  temperature,  provided  Ca++  is  present  during  hemagglutination,  particularly 
in  the  case  of  human  erythrocytes.  If  the  hemolymph  is  dialyzed  against  deion- 
ized water,  a  light  flocculation  takes  place ;  by  48  hr  no  additional  material  will 
come  out  of  solution.  The  material  was  shown  to  represent  almost  the  total  serum 
protein  (on  the  basis  of  Lowry  protein  determinations)  and  could  be  easily  cen- 
trifuged  out  of  suspension  and  redissolved  in  0.15  M  NaCl.  The  hemagglutinating 
activity  resides  only  in  this  protein  fraction;  the  soluble  material  remaining  after 
dialysis  against  deionized  water  is  devoid  of  activity. 

It  was  also  found  that  the  hemagglutinin  could  be  rendered  insoluble  by  treat- 
ment of  the  hemolymph  with  30%  or  50%  ammonium  sulfate  for  18  hr  at  4°  C. 
This  precipitate  can  be  washed  in  deionized  water  and  dissolved  in  0.15  M  NaCl 
with  restoration  of  agglutinating  activity. 

Adsorption  studies 

The  specificity  of  the  natural  hemagglutinin  ( s )  in  Halocyntliia  pyriformis 
hemolymph  was  tested  by  adsorption  studies  using  a  number  of  mammalian  eryth- 
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TABLE  I 
Adsorption  studies  of  Halocynthia  pyriformis  lectin 


Hemagglutination  liter  after  adsorption  with  erythrocytes  of: 

Unadsorbed 

Horse 

Human  A* 

Goat 

Calf 

Horse 

256 

32 

256 

32 

32 

Swine 

32 

0 

4 

t 

0 

Human  A 

32 

2 

32 

0 

2 

Calf 

32 

0 

2 

t 

0 

Goat 

16 

0 

4 

0 

t 

Ox 

4 

0 

2 

0 

t 

Sheep 

8 

0 

4 

0 

t 

Rabbit 

4 

0 

4 

0 

t 

*  In  the  presence  of  20  HIM  CaCI2. 
t  Not  done. 

rocytes  (Table  I).  Horse  red  cells  are  strongly  agglutinated  by  Halocynthia 
hemolymph ;  this  activity  is  unaffected  by  adsorption  with  human  A  cells,  but  can 
be  substantially  reduced  by  adsorption  with  horse,  goat,  or  calf  erythrocytes. 
Adsorption  of  hemolymph  with  horse,  goat,  or  calf  red  cells  also  markedly  reduces 
or  eliminates  hemagglutinating  activity  against  swine,  human  A,  calf,  goat,  ox, 
sheep,  and  rabbit  cells  in  all  instances  tested.  Hemolymph  adsorbed  with  human 
A  erythrocytes  retains  its  ability  to  agglutinate  these  cells  and  all  other  mammalian 
red  cells  tested.  The  data  indicate  that,  particularly  with  the  nonhuman  mam- 
malian erythrocytes,  adsorption  with  any  given  red  cells  will  not  only  decrease 
or  abolish  activity  of  the  agglutinin  for  the  cells  in  question,  but  will  also  alter 
the  hemagglutination  of  many  other  kinds  of  erythrocytes. 

Agglutination  of  chemically-modified  erythrocytes 

Bromelain-treated  horse  erythrocytes  were  agglutinated  to  the  same  extent  as 
untreated  cells.  However,  both  trypsinized  and  protease-treated  mammalian  red 
cells  were  agglutinated  more  strongly  than  untreated  cells  (Table  II).  Human  A 
erythrocytes,  which  are  relatively  refractory  to  the  action  of  the  lectin  in  the 
absence  of  Ca++,  were  strongly  agglutinated  in  the  absence  of  Ca++  after  only  10 
min  incubation  in  a  0.1  mg/ml  trypsin  solution.  Similar  marked  increases  in 
titer  of  the  agglutinin  for  human  B  and  O,  ox,  sheep,  horse,  and  calf  erythrocytes 
could  be  produced  by  10  or  30  min  incubations  in  trypsin.  Treatment  of  horse, 
calf,  or  swine  red  cells  with  protease  (0.1  mg/ml)  caused  progressive  increases 
in  hemagglutinin  titers  with  increasing  time  of  incubation  from  10  to  60  min. 

Another  ascidian,  Boltenia  ovijcra,  was  shown  to  possess  a  lectin  which  reacts 
weakly  with  a  variety  of  mammalian  erythrocytes.  The  titer  of  this  lectin  was 
no  greater  for  trypsinized  sheep  cells  than  for  untreated  sheep  red  cells.  However, 
trypsinization  did  increase  agglutinin  titers  for  horse  and  human  erythrocytes. 

Inhibition  oj  hemagglutinin  by  sugars 

Ascidian  hemolymph  was  reacted  with  a  number  of  monosaccharides  which 
are  found  in  glycoproteins  in  order  to  give  information  concerning  the  nature  of 
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receptor  sites  of  the  lectin.  The  sugars  used  in  this  study  included  D-glucose, 
D-galactose,  D-mannose,  L-fucose,  L-arabinose,  D-xylose,  N-acetyl-D-galactosa- 
mine,  N-acetyl-D-glucosamine,  and  N-acetyl-neuraminic  (sialic)  acid.  None  of 
these  sugars  exerted  inhibitory  activity  against  the  lectin  at  concentrations  of 
10~5  to  10~4  M.  However,  incubation  of  hemolymph  with  0.25  X  10~3  M  sialic 
acid  markedly  inhibited  the  agglutination  of  both  horse  and  human  A  erythro- 
cytes;  the  other  sugars  were  not  inhibitory  at  this  concentration. 

Hemagglutinins  in  several  other  ascidians 

Boltenia  oi'ifera,  like  Halocyntliia  pyrijonnis,  is  a  large  ascidian  which  is 
common  on  subtidal  ledges  in  the  Bay  of  Fundy.  However,  the  hemolymph  of 
Boltenia  lacks  a  powerful  hemagglutinin  for  either  avian  or  mammalian  red  cells. 
Calf,  duck,  goat,  and  guinea  pig  erythrocytes  were  not  agglutinated  by  Boltenia 
hemolymph ;  titers  of  2—1-  were  obtained  using  sheep,  goose,  chicken,  turkey,  pigeon, 
ox,  horse,  and  human  red  cells. 

dona  intestinalis  is  probably  one  of  the  most  frequently  studied  ascidians. 
We  bled  a  number  of  these  animals  and  found  a  low  level  of  hemagglutinating 
activity  in  their  hemolymph.  After  2  hr  of  incubation,  titers  of  2-4  were  recorded 
for  ox,  goat,  and  human  B  and  O  cells ;  the  titer  for  human  A  and  horse  cells  was 
somewhat  higher  (about  16).  Sheep  and  guinea  pig  erythrocytes  were  not 
agglutinated. 

DISCUSSION 

The  presence  of  hemagglutinins  in  the  hemolymph  of  invertebrates  has  been 
known  since  at  least  1903  (Noguchi,  1903).  Tyler  (1946)  reported  the  presence 
of  heteroagglutinins  in  the  hemolymph  of  a  number  of  invertebrates.  A  resurgence 
of  interest  in  these  factors  has  taken  place  recently,  largely  as  a  result  of  their 
implication  as  a  part  of  a  system  for  the  recognition  of  foreign  antigens  (Boyden, 


TABLE  II 
Agglutination  of  enzyme-treated  erythrocytes 


Hemagglutinin  titer 

Treatment* 

Time  of  incubation  with  enzyme 

0' 

10' 

30' 

60' 

Pronase 

Swine 

16 

64 

64 

128 

Horse 

128 

128 

256 

512 

Calf 

8 

16 

16 

32 

Trypsin 

Human  A 

4 

64 

128 

t 

Human  B 

32 

t 

64 

t 

Human  O 

16 

t 

64 

t 

Horse 

256 

t 

1024 

t 

Sheep 

4 

t 

32 

t 

Ox 

4 

64 

512 

t 

*  1  vol.  0.1  ing  enzyme/nil  saline:  1  vol.  packed  erythrocytes,  37°  C. 
t  Not  done. 
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ll)u>;  Tripp,  1966;  dishing,  1967)  and  because  of  the  unusual  properties  of  plant 
lectins  already  mentioned.  Recently  natural  hemagglutinins  have  been  reported 
in  numerous  invertebrates  including  sponges  (Gold,  Phelps,  Khalap  and  Balding, 
1^74),  pelecypod  mollusks  (Jenkin  and  Rowley,  1970;  Acton,  Bennett,  Evans  and 
Schrohenloher,  1969;  Cornick  and  Stewart,  1973),  gastropod  mollusks  (Pember- 
ton,  1970a;  1970b;  Bizot,  1971;  Hammarstrom  and  Rabat,  1971;  Matsubara  and 
Boyd,  1974;  Pauley,  Granger  and  Krassner,  1971  )  ;  annelids  (Cooper,  Lemmi  and 
Moore,  1974 )  ;  arthropods  ( Miller,  Ballback,  Pauley  and  Krassner,  1972 ;  Marcha- 
lonis  and  Edelman,  1968;  Finstad,  Litman,  Finstad  and  Good,  1972;  Pauley, 
1973;  Scott,  1971;  Anderson,  Day  and  Good,  1972),  and  echinoderms  (Finstad, 
Litman.  Finstad  and  Good,  1972). 

Halocynthia  hemagglutinin  was  assayed  in  hemolymph  cleared  of  blood  cells 
by  centrifugation.  The  source  of  this  lectin  is  not  known  at  the  present  time. 
The  possibility  of  its  being  released  by  hemocytes  in  vivo  cannot  be  ruled  out. 
However,  it  is  unlikely  that  this  factor  was  released  by  hemocyte  lysis  during 
hemolymph  preparation.  Extracts  of  osmotically-lysed  blood  cells  had  no  hemag- 
glutinating  activity  even  after  concentration  by  ultrafiltration. 

Halocynthia  pyriformis  hemolymph  contains  naturally-occurring  hemagglu- 
tinin (s)  against  a  wide  range  of  avian  and  mammalian  red  cells.  The  activity 
was  directed  against  the  erythrocytes  of  all  (14)  species  tested  and  was  charac- 
terized by  relatively  high  titers  (64—512)  for  the  red  cells  of  6  species.  The 
hemagglutinin  of  the  tunicate  dona  intestinalis  is  quite  weak  in  comparison,  with 
reactivity  against  many  red  cell  types  but  with  titers  never  exceeding  eight 
(Wright,  1973;  1974).  The  natural  lectins  reported  in  several  other  tunicates 
(Stycla  plicata  and  Halocynthia  hilgendorfi)  are  stronger  and  show  more  speci- 
ficity (Fuke  and  Sugai,  1972).  These  agglutinins  were  directed  against  the 
erythrocytes  of  rats,  rabbits,  and  mice  but  were  inactive  against  fish,  frog,  snake, 
sheep,  and  guinea  pig  red  cells. 

Human  blood  group  specificity,  which  is  marked  in  albumin  gland  hemag- 
glutinins from  certain  gastropod  mollusks  (Prokop,  Uhlenbruck,  Rothe  and  Cohen, 
1974),  is  lacking  in  H.  pyriformis.  This  lack  of  specificity  has  been  reported  in 
other  urochordates  (Wright,  1974)  and  is  typical  of  most  hemolymph  lectins 
(Brown,  Almodovar,  Bhatia  and  Boyd,  1968  ;  Tripp,  1966;  Hall  and  Rowlands. 
19741)). 

A  lack  of  sensitivity  of  invertebrate  lectins  to  proteolytic  enzymes  has  been 
reported  for  a  number  of  species  (Uhlenbruck,  Reifenberg  and  Prokop,  1971  ; 
Pauley,  1974;  Fuke  and  Sugai,  1972;  Ryoyama,  1974).  We  report  that  H.  pyri- 
jonuis  lectin  is  inactivated  by  certain  trypsin  concentrations  as  is  the  case  for 
lobster  agglutinin  (Hall  and  Rowlands,  1974a).  The  protein  nature  of  this  tuni- 
cate lectin  was  indicated  in  several  ways.  Treatment  of  the  hemolymph  with 
trichloroacetic  acid  precipitated  essentially  all  of  the  proteins  present,  protein-free 
hemolymph  was  lacking  in  hemagglutinating  activity.  Most  of  the  hemolymph 
protein  could  be  removed  by  ultrafiltration:  the  total  activity  of  the  lectin  resided 
in  this  material  and  hemagglutination  titers  were  proportional  to  protein  con- 
centrations over  the  dilution  range  tested. 

//.  pyriformis  hemagglutinin  begins  to  show  heat  lability  at  about  50°  C  and 
can  be  totally  inactivated  by  incubating  15  min  at  58°  C.  Wright  (1974)  reports 
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that  dona  lectin  is  heat  labile  at  temperatures  exceeding  70°  C.  However,  Stycla 
pllcata  coelomic  fluid  retains  full  activity  even  after  30  min  at  100°  C  (Fuke  and 
Sugai,  1972).  The  lectins  of  most  invertebrates  so  far  studied,  such  as  arachnids, 
crustaceans,  mollusks  and  insects,  are  heat  labile  in  the  range  50°-70°  C  (Finstad, 
Litman,  Finstad  and  Good,  1972;  Hall  and  Rowlands,  1974a;  Tripp,  1966;  John- 
son, 1964;  Cornick  and  Stewart,  1973;  Scott,  1971;  Pauley,  1974).  The  hemag- 
glutinin  of  the  sea  urchin  Ilc/niccntrotns  pulcherrimus  is  not  affected  by  tempera- 
tures of  100°  C;  however,  the  lectins  of  other  sea  urchnis  are  heat  labile  from 
70°-85°  C  (Ryoyama,  1974). 

H.  pyriformis  lectin  is  active  over  a  wide  pH  range  (6-10)  and  is  most  active 
around  pH  8-9.  Fuke  and  Sugai  (1972)  report  essentially  the  same  properties 
for  hemagglutinin  from  another  tunicate  species.  The  hemagglutinins  of  the 
lobster,  sea  hare,  crayfish,  sea  urchin  and  oyster  are  also  active  over  broad  ranges 
of  pH  values  (Hall  and  Rowlands,  1974a;  Pauley,  1974;  Ryoyama,  1974;  Cornick 
and  Stewart,  1973). 

We  report  that  tunicate  hemagglutinin  does  not  lose  activity  after  repeated 
freezing  and  thawing.  This  is  also  a  property  of  the  lectins  of  the  sea  hare,  cray- 
fish and  blue  crab  (Pauley,  1974);  these  agglutinins  could  be  stored  with  full 
activity  for  at  least  6  months  at  --12  or  —25°  C.  H.  pyriformis  hemagglutinin  is 
fully  active  for  at  least  several  months  at  —  5°  C  and  loses  little  activity  when 
stored  at  4°  C.  Cioua  lectin  responded  to  storage  in  a  similar  fashion  (Wright, 
1973). 

Ca++  is  required  for  the  expression  of  biological  activity  of  many  naturally- 
occurring  invertebrate  hemagglutinins,  such  as  those  from  Linmlns  (Finstad, 
Litman,  Finstad  and  Good,  1972;  Marchalonis  and  Edelman,  1968)  ;  lobster  (Hall 
and  Rowlands,  1974a)  ;  oyster  (Acton,  Bennett,  Evans  and  Schrohenloher,  1969), 
and  tunicate  (Wright,  1973).  A  similar  Ca++  dependency  exists  for  H.  pyriformis 
lectin  based  on  its  inactivation  with  EDTA  and  the  augmented  titers  observed  in 
the  presence  of  added  Ca++.  McDade  and  Tripp  (1967)  found  that  oyster  hemag- 
glutinin was  active  against  sheep  and  rabbit  erythrocytes  in  the  absence  of  Ca+*, 
but  did  not  agglutinate  human  red  cells  without  Ca++  in  the  medium.  McDade 
and  Tripp  (1967)  also  observed  that  Ca++  was  required  for  heat  stability  of  the 
lectin;  this  was  confirmed  by  Cornick  and  Stewart  (1973).  Ca++  enhanced  the 
activity  of  sea  urchin  lectin,  whereas  Mg++  was  ineffective  (Ryoyama,  1974)  ; 
similar  results  were  reported  in  the  case  of  Limit! us  (Marchalonis  and  Edelman, 
1968).  The  inability  of  Mg++  to  substitute  for  Ca++  in  lectin  activation  is  demon- 
strated in  the  tunicate  H.  pyriformis.  However,  Wright  (1973)  reports  that  both 
Ca++  and  Mg++  enhance  the  hemagglutinin  titer  in  Ciona  and  both  ions  will  restore 
the  activity  of  EDTA-treated  hemolymph.  It  has  been  reported  that  Ca++  is  not 
required  for  activity  of  Stycla  plicata,  sea  hare  or  blue  crab  hemagglutinin  (Fuke 
and  Sugai,  1972;  Pauley/ 1974). 

We  report  that  H.  pyriformis  lectin  loses  no  activity  after  dialysis  against 
0.15  M  NaCl  for  24  hr.  If  the  agglutinin  is  dialyzed  against  deionized  water  for 
a  similar  period,  a  light  flocculation  occurs.  This  material  can  be  centrifuged  out 
of  suspension,  is  quite  soluble  in  0.15  M  NaCl.  and  can  be  shown  to  be  a  protein 
by  the  Lowry  and  biuret  methods.  The  total  hemagglutinating  activity  of  the 
hemolymph  can  be  recovered  in  this  fraction.  The  natural  hemagglutinins  of 
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other  tunicates  are  also  stable  after  dialysis  vs.  saline  (Fuke  and  Sugai,  1972; 
Wright,  1973).  Most  invertebrate  lectins  are  nondialyzable  and  their  activity  will 
precipitate  out  with  the  serum  proteins  when  dialyzed  against  distilled  water 
(McDade  and  Tripp,  1967;  Scott.  1971) 

Adsorption  studies  of  PI.  pvrifonnis  hemagglutinin  indicate  a  considerable 
degree  of  cross-reactivity.  Similar  results  were  obtained  by  Wright  (1973)  using 
Ciona  and  Fuke  and  Sugai  (1972)  using  several  other  ascidian  species.  This 
general  lack  of  specificity  of  hemagglutinins  has  been  reported  for  most  inverte- 
brate species.  In  arthropods  and  mollusks  adsorption  with  erythrocytes  from  a 
given  species  usually  reduces  lectin  titers  against  that  cell,  as  well  as  affecting  the 
activity  against  other  types  of  red  cells  (Tripp,  1966;  Scott,  1971;  Hall  and 
Rowlands,  1974b). 

The  agglutination  of  enzyme-treated  erythrocytes  by  tunicate  lectin  has  not 
been  previously  reported.  Incubation  of  red  cells  with  either  trypsin  or  pronase 
greatly  increased  their  susceptibility  to  the  hemagglutinin  of  H.  pyriformis.  Un- 
treated human  erythrocytes  are  weakly  agglutinated  in  the  absence  of  Ca++;  how- 
ever, the  same  cells  when  trypsinized  agglutinate  strongly  regardless  of  Ca++  con- 
centration. Hall  and  Rowlands  (1974b)  reported  that  trypsinized  cells  were  not 
agglutinated  more  strongly  by  lobster  agglutinins ;  however,  increased  titers  for 
trypsin-treated  red  cells  were  found  in  the  hemolymph  of  the  sea  urchin  (Ryoyama, 
1974)  and  the  sponge  (Gold,  Phelps,  Khalap  and  Balding,  1974). 

The  activity  of  many  lectins  can  be  significantly  altered  by  reacting  them  with 
various  simple  sugars  prior  to  exposure  to  test  erythrocytes.  N-acetylneuraminic 
(sialic)  acid  was  the  only  sugar  (of  nine  tested)  which  markedly  inhibited  the 
tunicate  hemagglutinin  studied  here.  Sialic  acid-binding  lectins  have  been  de- 
scribed in  the  horseshoe  crab  (Bird,  Uhlenbruck  and  Pardoe,  1971)  and  the  lobster 
(Hall  and  Rowlands,  1974b).  Liniitlus  lectin  (limulin)  has  been  recently  reinves- 
tigated  by  Roche  and  Monsigny  (1974).  Limulin  \vas  purified  and  shown  to  be 
a  glycoprotein  of  13.9  S.  335.000  MW  consisting  of  19.000  MW  subunits  held 
together  by  noncovalent  bonds.  Agglutination  of  horse  red  cells  was  inhibited  by 
N-acetylglucosamine,  free  sialic  acid,  and  particularly  by  glycoprotein-bound  sialic 
acid  (human  orosomucoid).  On  this  basis  it  was  suggested  that  the  limulin 
receptor  is  a  complex  carbohydrate  containing  sialic  acid  and  N-acetylglucosamine 
and  is  not  a  monosaccharide. 

Johnson  (1964)  found  that  N-acetyl-D-galactosamine  (GalNAc)  and  N-acetyl- 
D-glucosamine  (GlcNAc)  inhibited  the  agglutinin  of  the  butter  clam.  McDade 
and  Tripp  (1967)  reported  that  no  single  saccharide  would  inhibit  the  agglutina- 
tion by  oyster  lectin  of  all  red  cell  types  tested ;  however,  D-galactosamine 
(GalN),  D-glucosamine  (GlcN),  GlcNAc,  and  GalNAc  inhibited  the  aggluti- 
nation of  human  red  cells,  while  D-ribose  inhibited  rabbit  erythrocytes.  Ryoyama 
(1974)  found  that  9  sugars  (of  36  tested)  could  inhibit  the  lectin  of  the  sea 
urchin  Pseudocentrotus  depres siis.  The  hemagglutinin  of  the  sponge  can  be  in- 
hibited by  galactose  (Gold.  Phelps,  Khalap  and  Balding,  1974).  Hall  and  Row- 
lands (1974b)  found  that  lobster  agglutinins  are  not  only  sensitive  to  sialic  acid 
(NANAc)  but  are  inhibited  by  N-glycolylneuraminic  acid,  N-acetylmannosamine, 
GlcN  and  GlcNAc. 

The  physiological  significance  of  this  lectin  ard  many  other  invertebrate  hemag- 
glutinins is  as  yet  undefined.  It  may  function  as  a  humoral  recognition  factor,  a 
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property  of  certain  invertebrate  lectins  originally  described  by  Tripp  (1966). 
However,  Fuke  and  Sugai  (1972)  found  that  ascidian  (Sty da  plicata)  hemo- 
lymph  did  not  stimulate  in  vitro  phagocytosis  of  fixed  rabbit  erythrocytes.  Hall 
and  Rowlands  (1974a)  point  out  the  structural  and  physical  chemical  similarities 
between  some  invertebrate  hemagglutinins  and  certain  nonimmunoglobulin  verte- 
brate agglutinins  and  suggest  that  similar  molecules  may  have  been  preserved 
during  many  stages  of  animal  evolution.  The  contribution  of  these  molecules  to 
the  natural  defense  mechanisms  of  higher  animals  has  not  been  determined. 

Other  possible  roles  of  invertebrate  lectins  in  nature  include  Ca++  transport, 
particularly  in  shell-bearing  mollusks.  They  could  also  function  in  sugar  transport 
or  storage,  or  could  serve  for  the  attachment  of  glycoprotein  enzymes  in  organized 
multienzyme  systems  (Sharon  and  Lis,  1972).  At  the  present  time  there  is  little 
evidence  to  support  or  refute  these  hypotheses. 
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SUMMARY 

An  active,  naturally-occurring  panhemagglutinin  has  been  described  in  the 
hemolymph  of  the  protochordate  Halocynthia  pyrifonnis.  This  protein  lectin  is 
inactivated  by  temperatures  exceeding  50°  C,  is  active  in  the  range  pH  6-10,  and 
is  resistant  to  repeated  freezing  and  thawing.  Frozen  hemolymph  retains  full 
hemagglutinating  activity  for  several  months.  Activity  is  not  reduced  by  dialysis 
against  saline ;  however,  serum  proteins  with  total  hemagglutinating  activity  can 
be  precipitated  by  dialysis  against  deionized  water  or  by  treatment  with  appro- 
priate ammonium  sulfate  concentrations.  This  lectin  will  not  agglutinate  human 
erythrocytes  in  the  absence  of  Ca++ ;  Ca++  potentiates  the  agglutination  of  red  cells 
from  all  other  species  tested.  However,  Mg++  does  not  stimulate  hemagglutination 
and  will  inhibit  it  at  certain  concentrations. 

Halocynthia  pyrifonnis  hemolymph  will  cause  the  agglutination  of  red  cells 
from  many  avian  and  mammalian  species.  Human,  rabbit,  sheep,  swine,  goat, 
calf,  ox,  and  pigeon  erythrocytes  agglutinate  weakly  with  titers  of  2-32;  whereas, 
titers  of  64-512  were  consistently  recorded  for  the  red  cells  of  guinea  pig,  horse, 
duck,  goose,  chicken,  and  turkey.  The  lectin  was  not  specific  for  the  ABO  blood 
group  antigens  of  man.  The  hemagglutinin  shows  considerable  cross-reactivity ; 
adsorption  with  nonhuman  mammalian  erythrocytes  not  only  decreases  activity 
toward  the  adsorbing  cells  but  also  alters  the  agglutination  of  cells  from  other  spe- 
cies. Treatment  of  red  cells  with  pronase  or  trypsin  causes  markedly  increased 
hemagglutination  titers;  such  treatment  allows  human  erythrocytes  to  agglutinate 
in  the  absence  of  Ca++  in  the  medium.  Incubation  of  hemolymph  with  N-acetyl- 
neuraminic  acid  strongly  inhibits  subsequent  hemagglutinating  activity,  suggesting 
that  sialic  acid  residues  are  present  in  the  binding  site  of  the  lectin. 
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NON-EQUIVALENCE  FOR  BEAN  SEEDS  OF  CLOCKWISE  AND 

COUNTERCLOCKWISE  MAGNETIC  MOTION: 

A  NOVEL  TERRESTRIAL  ADAPTATION?1 
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Marine  Biological  Laboratory,  Woods  Hole,  Massachusetts 

Jones  (I960)  reported  that  plant  growth  could  he  altered  hy  uniform  daily 
rotation.  Clockwise  rotation  depressed  growth  and  counterclockwise  accelerated  it. 
The  basis  of  this  phenomenon  has  remained  unexplained. 

Brown  and  Chow  (1973a,  b),  investigating  water  uptake  by  bean  seeds,  re- 
ported that  rate  of  water  uptake  varied  from  day  to  day  in  a  manner  unaccount- 
able in  terms  of  variations  in  any  obvious  environmental  factors  and  yet  two 
populations  of  samples  concurrently  investigated  at  two  different  sites  could  exhibit 
between  them  a  high  positive  correlation  (r:=0.8)  under  some  circumstances 
and  under  other  conditions  a  negative  one.  It  was  postulated  that  beans  in  their 
rate  of  water  uptake  could  correlate  either  plus  (  +  )  or  minus  (  — )  with  some 
biologically  effective,  subtle,  uncontrolled  geophysical  parameter  and  that  other 
ambient  electromagnetic  environmental  conditions  could  influence  the  sign  of  the 
correlation. 

It  was  reported  further  ( Brown  and  Chow,  1973a)  that  beans  in  water  in 
closely  juxtaposed  vessels  could  mutually  bias  one  another  to  adopt  opposite  signs 
of  their  correlating  relationship  under  some  circumstances  and  the  same  sign 
under  others.  Beans  in  paired  vessels  on  rotating  platforms  (6  rpm)  were  in- 
fluenced in  these  interactions  as  follows :  clockwise  rotation  favored  mutual  biasing 
to  the  same  sign  and  counterclockwise  rotation,  to  opposite  sign.  Interaction 
between  beans  was  reported  to  be  abolished  in  the  weak  field  of  a  slowly  rotating 
(1  rpm,  clockwise  from  above)  horizontal  bar  magnet. 

An  investigation  of  'spontaneous'  activity  in  hamsters  maintained  on  platforms 
undergoing  daily  rotation  (Brown  and  Chow,  1974)  disclosed  that  these  mam- 
mals, like  the  several  kinds  of  plants  studied  by  Jones  and  by  Brown  and  Chow, 
are  also  influenced  in  opposite  manner  by  clockwise  and  counterclockwise  rota- 
tions and  display  a  negative  correlation  between  them  in  their  systematic  fluctua- 
tions in  mean  daily  activity.  Therefore,  mammals,  like  the  beans,  were  presumed 
to  be  capable  of  assuming  either  of  two  states,  plus  (  +  )  or  minus  (  — ),  in  their 
day  to  day  correlation  with  uncontrolled  pervasive  geophysical  parameters  and  that 
clockwise  rotation,  other  factors  equal,  favors  the  opposite  sign  from  counter- 
clockwise. 

. 
EXPERIMENTS  AND  RESULTS 

The  following  exploratory  experiment  was  initially  designed  to  learn  whether 
a  rotating  magnetic  field  would  influence  the  rate  of  water  uptake  in  beans  and 

xThis  research  was  supported  by  grants  from  the  National  Science  Foundation,  #GB-31040 
and  #GB-41392X. 
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FIGURE  1.  A)  The  experimental  arrangement  used  in  the  initial  study.  1-8  are  eight 
20-bean  samples  in  aluminum  screen  trays;  V,  large,  plastic  vessels;  M,  rotating,  18-cm, 
Alnico  bar  magnet  (present  for  experimentals  but  absent  for  controls.  B)  Scatterplot  for 
relationship  between  day-to-day  values  for  controls,  and  experimentals  in  field  of  a  clockwise- 
rotating  magnet,  and  the  same  for  a  counterclockwise-rotating  magnet.  The  values  on  the 
axes  indicate  the  percentage  increase  in  weight  of  the  seeds  for  4  hours  in  water. 

if  so,  in  what  manner  and  degree.  The  surprising  outcome,  however,  appears  to 
have  revealed  a  reference  environmental  parameter  which  has  been  involved  in 
the  differentiation  by  organisms  of  clockwise  and  counterclockwise  rotational  di- 
rections. In  each  of  two  areas  in  a  large  laboratory  room,  about  15  meters  apart, 
four  pairs  of  20-bean  groups  in  shallow  6x6  cm  aluminum  screen  baskets  (Fig- 
ure 1A,  1-8)  were  arranged  in  water  in  two  large  plastic  vessels  (Figure  1A,  V). 
For  one  group  an  18  cm  rotating  (2  rpm)  Alnico  bar  magnet  was  centered 
(Figure  1A,  M)  between  the  two  large  vessels.  The  other  4-pair  setup  was  a 
duplicate  except  for  absence  of  a  magnet,  and  comprised  the  control.  All  beans 
came  from  the  same  initial  stock  supply.  The  temperature  of  the  air-conditioned 
laboratory  was  regulated  to  less  than  ±1°  C. 

On  each  of  35  days  distributed  over  the  period  May  15  through  July  3,  1972, 
the  percentage  weight  increase  through  water  uptake  in  beans  was  determined 
during  a  precisely  timed  initial  4  hours  following  submergence.  This  was  accom- 
plished through  measurement  of  initial  and  final  wet  weights.  The  amount  of 
water  absorbed  wras  expressed  as  a  percentage  increase  in  weight  of  the  initial 
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dry  seeds.  The  4-hour  period  always  spanned  the  noon  hour.  For  the  experi- 
mentals  (with  magnet)  the  direction  of  rotation  was  clockwise  (viewed  from 
above).  During  an  additional  32  days  over  the  interval  July  4  through  August 
18,  1972,  the  experiment  differed  only  in  that  the  direction  of  magnet  rotation  was 
counterclockwise.  The  strength  of  the  horizontal  vector  of  the  experimental  field 
effected,  at  the  experimental  location,  about  a  ±80°  oscillation  in  a  compass 
needle  at  the  positions  of  the  outermost  pairs  and  effected,  of  course,  a  360°  com- 
plete slave  rotation  at  the  location  of  the  innermost  pairs. 

Correlating  the  day  by  day  mean  rates  of  water  uptake  for  the  experimentals 
with  that  of  the  concurrent  controls  for  the  interval  when  magnet  rotation  was 
clockwise  (Figure  IB)  gave  a  standard  deviation  for  the  controls  ±5.18%,  ex- 
perimentals ±4.40%,  and  r  -  +0.070  ±  0.169.  In  short,  there  was  no  significant 
correlation  between  the  two  groups.  When,  however,  the  possibility  of  a  correla- 
tion was  similarly  examined  for  the  interval  when  the  magnet  rotation  was  counter- 
clockwise (Figure  IB),  the  standard  deviation  for  the  controls  was  ±5.19%, 
for  experimentals  ±4.58%,  and  r  :  +0.729  ±  0.083,  a  very  highly  significant  cor- 
relation. Transforming  the  r's  to  z's  to  facilitate  determination  of  statistical  sig- 
nificance of  the  difference  yielded,  respectively,  +0.070  ±  0.176  and  +0.927  ± 
0.185.  The  difference  between  these  two  was  0.857  ±  0.255,  a  value  highly  sig- 
nificantly different  from  zero  (P  <  0.001). 

Providing  a  parallel,  secondary  control  over  the  total  period  of  the  rotating 
magnet  study,  located  in  the  same  large  laboratory  room,  and  involving  beans  from 
the  same  stock  supply  were  two  more  experimental  series,  intermingled  with  one 
another,  each  with  six  aluminum-screen  baskets  containing  20  beans.  For  these, 
each  basket  was  submerged  in  a  separate  small  plastic  vessel.  One  group  com- 
prised three  pairs  of  juxtaposed  vessels;  the  other  group  constituted  six  vessels 
each  separated  from  any  other  by  at  least  70  cm.  The  day-to-day  means  for  all 
twelve  of  these  vessels  of  beans  over  the  period  of  the  present  investigation  were 
calculated.  When  these  values  were  correlated  with  those  of  the  concurrent 
specific  primary  controls  for  the  rotating  magnet  series  a  strong  positive  value  was 
obtained.  This  positive  correlation  between  the  primary  and  secondary  controls 
continued  unmodified  throughout  the  intervals  when  the  correlation  was  abolished 
by  the  clockwise  magnet  rotation  and  was  unaffected  by  the  counterclockwise. 

Despite  the  slightly  different  experimental  set-ups,  from  May  15  through  Au- 
gust 18  the  two  controls,  primary  and  secondary,  correlated  strongly  over  the  whole 
period,  r-  +0.738  ±  0.055  (N  •  =67).  They  also  correlated  highly  significantly 
over  both  the  period  of  clockwise  magnet  rotation  (r  :  +0.527  ±  0.122,  N  •-  35) 
and  counterclockwise  rotation  (r  -  +0.603  ±  0.1 13,  N-  =32),  exhibiting  no  sig- 
nificant difference  in  the  degree  of  plus  correlation  between  the  two  periods. 
Standard  deviation  for  the  secondary  controls  over  these  two  periods  were,  re- 
spectively, ±5.03%-  and  ±5.54%,  again  with  neither  a  significant  difference  be- 
tween one  another  nor  with  the  primary  controls. 

All  these  findings  support  the  assumption  that  the  times  of  the  two  rotating- 
magnet  series  were  essentially  equivalent  to  one  another  and  did  not  alter  quali- 
tatively between  the  two  successive  segments  of  the  year.  These  comparative 
values  also  support  the  presumption  that  the  observed  abolition  of  the  correlation 
was  actually  effected  by  the  presence  of  the  clockwise-rotating  magnetic  field,  an 
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effect  not  similarly  produced  by  the  counterclockwise  field  during  which  time  no 
statistically  significant  difference  occurred  between  the  r  of  experimental  vs.  pri- 
mary control  (+0.729  ±  0.083)  and  the  r  of  the  primary  vs.  the  secondary  con- 
trol (  +  0.603  +  0.113). 

While  it  could  not  be  concluded  unequivocally  that  both  clockwise  and  counter- 
clockwise magnet  rotation  would  have  abolished  the  correlation  during  the  first 
period  and  neither  would  have  done  so  during  the  second  period  this  seemed  im- 
probable and  to  be  a  postulation  unnecessarily  complex  at  this  juncture.  A  sec- 
ond experiment,  performed  to  check  directly  the  foregoing  conclusions,  removed 
this  doubt. 

This  second  experiment  was  performed  between  January  21  and  May  2,  1974, 
with  another  lot  of  beans  with  significantly  lower  mean  rate  of  water  uptake. 
For  this  one,  three  large  circular  wooden  tables  were  used.  These  were  at  least 
five  meters  from  one  another.  Two  of  the  tables  had  at  their  centers  an  18  cm 
horizontal  bar  magnet ;  one  rotated  clockwise  two  rpm,  and  the  other  counterclock- 
wise one  rpm.  The  third  table,  without  a  magnet,  served  as  a  simultaneous  con- 
trol (Figure  2A).  Four  pairs  of  small  plastic  dishes  each  containing  20  beans 
in  water  were  placed  equidistantly  around  and  40  cm  from  the  center  of  each 
table.  The  experimental  horizontal  magnetic  fields  at  the  positions  of  the  beans 
were  close  in  strength  to  the  earth's.  A  total  of  72  such  experiments  were  run 
on  as  many  days  over  the  three-month  period. 

Correlating  all  72  values  of  mean  bean  water-uptake  rates  on  each  of  the  two 
tables  bearing  the  rotating  magnets,  with  the  controls,  yielded  the  scatterplots  de- 
picted in  Figure  2B.  The  coefficient  for  the  clockwise  magnet  was  +0.0135  and 
for  the  counterclockwise  magnet  was  +0.397.  Transforming  these  values  to  z, 
the  difference  between  them  was  0.406  ±  0.169  (P<0.02).  Excluding  for  the 
clockwise  table,  those  twelve  values  lying  below  14.0  and  above  23.0  the  coeffi- 
cient became  negative,  r  -  —0.267,  and  the  difference  between  the  s's  was  0.694 
±0.178  (-P  <  0.001).  This  manner  of  exclusion  of  values  would  not  itself  be 
expected  to  impose  any  correlation  upon  truly  random  data. 

The  difference  between  the  variances  for  beans  within  the  clockwise  and  counter- 
clockwise rotating  fields  of  the  magnets  was  significant  (F  =  1.79;  P<0.01). 
It  was  not  identifiable  in  the  immediate  study  whether  this  difference  arose  from 
the  direction  of  rotation  of  the  magnet  per  sc,  or  from  other  specific  characteristics 
of  the  particular  laboratory  location. 

Other  experiments  with  bean  water-uptake  on  rotating  platforms  and  in  the 
fields  of  rotating  magnets  were  performed  during  the  summer  of  1974  at  the  Marine 
Biological  Laboratory,  Woods  Hole,  Massachusetts.  The  room  was  air-conditioned 
to  relatively  constant  temperature,  22  ±  ll/2°.  Special  care  was  taken  in  timing 
the  four-hour  runs  in  water ;  the  beans  were  all  counted  out  in  their  screened  trays, 
and  labeled,  in  advance  of  their  submersion  in  water.  The  submersions  were  made 
in  sequence  around  the  tables,  while  all  systems  were  operating,  one  after  another 
at  one  minute  (±  ten  seconds)  intervals.  Exactly  four  hours  later  ±  ten  sec- 
onds, each  tray  was  assayed,  similarly  one  minute  apart.  Five  tables,  about  92  cm 
in  diameter,  were  employed  on  a  wooden  bench.  Four  possessed  a  reversible  gear- 
motor,  electrically  driven,  to  rotate  either  the  whole  table  or  an  18  cm  bar  magnet 
at  its  center.  The  directions  of  rotation,  clockwise  and  counterclockwise,  were 
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Fi(;ri<E  2.  A)  The  three  conditions  concurrently  operating  in  the  second  experiment. 
Small  circles  on  the  larger  tables  indicate  plastic  dishes  (9  cm  in  diameter)  each  containing 
20  beans  in  aluminum  screen  trays.  B)  Scatterplots  show  relationships  between  day-to-day 
percentage  values  for  clockwise  and  counterclockwise  tables  relative  to  the  common  controls. 

alternated  between  the  two  rotating  tables  and  two  rotating  magnets  on  consecu- 
tive days  to  compensate  for  any  position  effect. 

On  fifty  days,  five  clays  a  week  between  June  17  and  August  23,  1974,  experi- 
ments including  both  rotating  tables  and  rotating  magnets  (both,  1  rpm)  were 
performed.  There  were  four  pairs  of  vessels  distributed  around  the  edge  on  each 
table.  There  was  also  a  comparable  control  table,  non-rotating  and  without  a 
magnet.  The  clay-by-day  data  were  converted  to  deviations  from  the  daily  means 
of  all  sixty  vessels  of  beans  being  measured  concurrently  in  four  experiments  in 
the  room  because  of  relatively  substantial  systematic  variations  occurring  in  water 
uptake  rates  over  the  summer. 

When  the  means  for  the  control  and  clockwise  rotating  tables  were  correlated 
(with  one  of  the  50  points  which  was  widely  discontinuous  with  the  mass  of 
points,  omitted),  the  clockwise  table  gave  a  very  low  negative  value,  r  —  —0.078 
(Figure  3A),  while  the  counterclockwise  table  yielded  a  statistically  highly  signifi- 
cant negative  value,  r-  —0.534  (Figure  3B).  After  transforming  these  to  .cr's, 
the  difference  between  them  was  found  to  be  0.518  ±  0.208,  P  <  0.02. 

Now,  doing  the  same  for  the  rotating  magnet  series,  counterclockwise  magnet 
rotations  (Figure  3C)  gave  a  positive  but  statistically  insignificant  value,  r  - 
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+0.144.  Clockwise  magnet  rotation,  on  the  other  hand,  yielded  a  still  smaller 
positive  value,  r  -  +0.039  (Figure  3D).  Indeed,  the  variance  on  the  clockwise 
magnet  table  was  higher  than  for  the  counterclockwise  one  (F  :  =  1.83;  P  <  0.05), 
just  as  had  been  discovered  for  a  comparable  experiment  performed  earlier  in 
Evanston.  However,  an  inspection  of  the  scatterplot  of  the  relationship  suggested 
that  as  the  clockwise  values  increased  above,  or  fell  below,  the  mean  of  the  values 
obtained  for  the  day  the  values  of  the  stationary  controls  increased  proportionately. 
Indeed,  correlating  the  values  of  the  clockwise  magnet  table,  without  regard  to 
sign,  with  the  values  from  the  control  table  yielded  r  —  0.411,  or  z  —  0.437  ±  0.145. 
It  is  evident  that  either  continuation  of  the  negative  correlation  of  the  clockwise 
beans  below  their  mean,  or  of  the  positive  correlation  above  it,  would  have  ef- 
fected a  very  substantially  altered  rate  of  water  uptake  relative  to  the  control. 
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FIGURE  3.  Results  of  studies  of  beans  on  rotating  (1  rpm)  and  stationary  platforms,  and 
in  the  field  of  a  very  weak  rotating  magnet  ( 1  rpm)  during  the  summer  of  1974.  Scatterplot 
A  shows  means  for  those  beans  on  clockwise  table  i'S.  ones  on  a  stationary  one ;  B,  same  for 
beans  on  counterclockwise  platform;  C,  same  for  beans  in  field  of  counterclockwise-rotating 
magnet;  D,  same  for  beans  in  field  of  a  clockwise-rotating  magnet. 
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The  change  in  sign  of  the  correlation  with  the  exogenous  effective  parameters 
seems,  therefore,  probably  to  be  an  adaptive  behavior  for  the  maintenance  of  a 
relatively  constant  state. 

Most  important  of  all,  in  this  last  experimental  series,  there  is  a  remarkable 
confirmation  and  extension  of  the  results  obtained  earlier  in  our  Evanston  labora- 
tory. Counterclockwise  magnetic  field  rotation  results  in  an  opposite  sign  of  cor- 
relation with  the  concurrent  stationary  control  to  that  found  for  counterclockwise 
table  rotations  in  the  earth's  magnetic  field  (Figure  3,  B  and  C).  These  two 
are  highly  significantly  different  from  one  another.  The  difference  between  their 
rr's  is  0.740  ±  0.206,  P  <  0.001.  For  the  actual  values  for  the  two,  we  must  recall 
that  in  dealing  with  deviations  from  the  daily  means  with  groups  of  the  size  of 
the  present  series  instead  of  with  actual  values  such  as  could  be  used  for  Figures 
1  and  2,  the  null  expectation  is  a  negative  correlation  of  the  order  of  about  r  — 
—0.2.  We  get,  therefore,  in  this  series  a  direct  answer  to  a  hypothesis  that  for 
the  beans  a  magnetic  field  rotating  counterclockwise  will  produce  effects  which 
are  the  opposite  of  those  observed  for  organisms  rotating  counterclockwise  in  the 
earth's  relatively  static  vector  field. 

Now  examining  the  clockwise  magnetic  field  effect  (Figure  3D),  we  see  an 
apparent  active  sign  reversing  system  which  results  in  essentially  no  overall  cor- 
relation with  the  controls.  In  retrospect,  this  is  what  one  can  note  for  the  same 
relationships  in  Figures  1  and  2.  Clockwise  rotation  of  a  magnetic  field  appears 
to  unstabilize  the  sign  of  response,  possibly  in  part  by  dissociating  the  organism 
from  environmental  factors  which  normally  determine  it.  The  distributions  of 
points  in  scatterplots  3A  and  D  are  quite  different  one  from  the  other,  though 
only  dubiously  suggesting  opposite  effects. 

DISCUSSION 

The  asymmetrical  magnetic  response  is  consistent  with  the  previously  de- 
scribed differences  between  influences  of  clockwise  and  counterclockwise  platform 
rotation  in  the  earth's  natural  atmosphere  for  which,  incidentally,  no  hypothesis  as 
to  causative  basis  has  been  advanced  up  to  the  present.  It  is  also  consistent  with 
the  earlier  demonstrations  in  a  number  of  laboratories  of  organismic  responsive- 
ness to  vector  directional  differences  in  extremely  weak  magnetic  fields  in  which 
organisms  were  used  ranging  from  Paramecmm  (Brown,  1962)  and  Volvox 
(Palmer,  1963)  through  worms  and  snails  (Brown,  1971)  and  insects  (Picton, 
1966;  Lindauer  and  Martin,  1968;  \Vehner  and  Labhart,  1970)  to  European  robins 
and  homing  pigeons  (Wiltschkn  and  Wiltschko,  1972;  Walcott  and  Green,  1974), 
fishes  (Becker,  1974),  and  gerbils  (Stutz,  1971). 

In  the  present  studies,  clockwise  rotation  of  the  magnet  appeared  to  render 
essentially  random,  or  forced  to  opposite  sign  in  part  or  in  whole,  the  relationship 
of  bean  water  uptake  to  the  effective  concurrent  geophysical  fluctuations,  resulting 
in  nearly  equal  distribution  of  plus  (+  )  and  minus  (  — ),  or  a  preponderance  of 
opposite,  signs  in  correlating  state  in  the  clockwise  magnet  experimentals  relative 
to  the  controls.  On  the  other  hand,  counterclockwise  rotation  of  the  magnet  had 
little  or  no  influence  on  the  correlating  sign  which  was  therefore  predominantly 
free  to  be  determined  by  environmental  parameters  which  parallelly  influenced  the 
experimentals  and  controls. 
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These  results  are  consistent  with  an  earlier  published  report  (Brown  and 
Chow,  1973a)  that  members  of  rotating  pairs  tend  to  adopt  the  same  sign  when 
on  a  platform  undergoing  clockwise  rotation  if  we  postulate  that  counterclockwise 
magnet  rotation  provides  an  influence  the  equivalent  of  clockwise  platform  rota- 
tion in  the  earth's  magnetic  field.  And  contrariwise,  clockwise  magnet  rotation 
provides  the  equivalent  of  counterclockwise  platform  rotation  which  was  earlier 
reported  to  result  in  a  statistically  significant  reduction  of  plus  correlation  between 
members  of  pairs.  The  results  also  confirm  earlier  findings  that  clockwise  magnet 
rotation  abolished  correlations  between  members  of  paired  dishes  of  beans. 

A  hypothesis  is  supported  that  counterclockwise  magnet  rotation  at  1  rpm  has 
relatively  little  effect  on  the  sign  determination  of  the  organism's  correlation  with 
fluctuations  in  effective  but  still  unidentified  atmospheric  field  parameters.  A  posi- 
tive correlation  is  evident  with  untreated  controls.  Quite  the  opposite  effect  is 
produced  by  counterclockwise  rotation  of  the  organisms  at  the  same  place  and 
time ;  this  now  effects  the  opposite  sign,  or  a  negative  correlation  with  non-rotating 
controls. 

Whereas  simultaneous  clockwise  and  counterclockwise  table  rotations  at  1  rpm 
tend  to  yield  opposite  results  relative  to  one  another,  that  is,  clockwise  table  rota- 
tion favors  a  correlation  with  controls  which  is  basically  positive,  the  clockwise 
magnetic  field  rotation  provides  a  correlation  which  in  three  experiments  was  of 
lower  positive  value,  and  indeed,  one  in  which  the  structure  of  scatterplots  seems 
to  contain  a  good  degree  of  a  negative  relationship  within  them.  Therefore,  all 
the  results  of  these  experiments  are  consistent  with  a  hypothesis  that  effects  noted 
on  clockwise  and  counterclockwise  rotating  tables  are  in  good  measure  a  conse- 
quence of  the  organism  steadily  and  systematically  being  altered  in  their  orien- 
tation to  the  geomagnetic  fields.  It  is  predicted  that  further  experiments  will  give 
firm  support  to  this  hypothesis. 

All  these  findings  also  provide  support  for  the  postulation  that  altered,  ex- 
tremely weak,  electromagnetic  fields  have  been  responsible  for  the  previously  de- 
scribed either  low  positive  or  significant  negative  correlations  between  bean  water 
uptake  inside  and  just  outside  a  metal-sheathed  walk-in  constant  temperature 
chamber  (Brown  and  Chow,  1973a,  b),  under  otherwise  apparently  similiar  con- 
ditions. They  also  provide  support  for  a  hypothesis  that  the  rather  substantial 
reported  differences  in  hamster  activity  (Brown  and  Chow,  1974)  between  two 
rotational  directions,  at  one  revolution  per  day,  are  effected  by  the  continuous 
clockwise  and  counterclockwise  animal  motions  relative  to  the  geomagnetic  field. 

Such  differences  in  effects  between  directions  of  magnetic  motion,  often  even 
effecting  essentially  opposite  responses,  constitute  still  another  reason  why  the 
capacity  of  living  creatures  to  sense  the  terrestrial  electromagnetic  fields  so  long 
eluded  disclosure.  At  the  same  time,  such  a  particularized  difference  encourages 
speculation  that  such  weak  atmospheric  electromagnetic  forces  are  playing  vital 
roles  for  living  systems  in  biological  regulations  including  the  enigmatical  clocks. 
We  postulate  that  the  asymmetrical  magnetic  response  is  an  adaptation  of  life  to 
its  rotating  and  sun-orbiting  planetary  environment. 

Quite  a  substantial  range  of  variation  in  rates  of  a  biological  process  continu- 
ing in  what  have  earlier  been  presumed  to  be  constant  conditions  for  organisms 
appear  able  to  result  from  responsiveness  to  subtle,  pervasive  geophysical  param- 
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etcrs.  It  is  evident,  therefore,  that  such  a  capacity  as  that  for  a  sign-changing 
relationship  to  fluctuations  in  atmospheric  electromagnetic  fields  can  be  a  very 
effective  contributing  factor  for  homeostasis.  It  is  interesting  to  note  that  the 
differing  mean  rates  of  water  uptake  for  both  experimentals  and  controls  evident 
in  Figure  IB  depict  two  portions  of  a  persistent  annual  variation  which  has  now 
been  followed  through  two  years  in  two  different  lots  of  beans,  and  which  simul- 
taneously contains  a  significant  mean  synodic  monthly  component,  as  well. 

The  authors  wish  to  acknowledge  the  excellent  assistance  of  King-Tim  Mak 
and  John  Wandel  in  obtaining  data  for  the  Evanston  series,  and  of  Michele  Lorand 
and  Tom  Moore  for  the  Woods  Hole  series. 

SUMMARY 

1.  Three   experiments   on   water-uptake    in    pinto    beans,    Phascolus   vulgar  is, 
during  their  first  four  hours  in  water  have  all  indicated  that  clockwise  and  counter- 
clockwise rotating  magnetic  fields  have  statistically   significantly  different   effects 
upon  the  rate  of  the  process. 

2.  The  results  suggest  that  this  difference  is  independent  of  time  and  place. 
Critically  performed  experiments  at  Evanston,  Illinois  and  Woods  Hole,  Massa- 
chusetts, over  more  than  a  two-year  span,  all  gave  essentially  the  same  results. 

3.  A  clockwise  rotating  magnetic  field  abolished,  for  the  beans,  a  correlation 
with  concurrent  control  beans  without  magnet,  while  a  counterclockwise  rotating 
magnet  failed  to  do  so. 

4.  In   a   concurrent   series    involving   rotating   beans    (1    rpm,    clockwise   and 
counterclockwise)   and  beans  in  fields  of  a  weak  rotating  magnet   (1   rpm,  clock- 
wise and  counterclockwise),  the  effects  of  counterclockwise  magnet  and  counter- 
clockwise table  rotations  were  of  opposite  character  and  highly  significantly  differ- 
ent from  one  another.     Effects  of  clockwise  magnet  and  clockwise  table  rotations 
differed  significantly,  in  turn,  from  their  opposite  directions  of  rotations. 

5.  The  results  uniformly  support  the  hypothesis  that  the  different  effects  re- 
ported between  clockwise  and  counterclockwise  rotation  of  organisms  result  from 
their  systematic,  directional  motions  relative  to  the  geomagnetic  field. 

6.  It  is  postulated  that  this  non-equivalence  for  organisms  of  clockwise  and 
counterclockwise  rotations  of  such  extremely  weak  magnetic  fields  reflects  a  novel 
and    fundamental    adaptation    of    organisms    to    their    rotating    and    sun-orbiting 
environments. 

LITERATURE  CITED 

BECKER,  G.,  1974.  Einfluss  des  Magnetfelds  auf  das  Richtungsverhalten  von  Goldfischen. 
Natunvisscnschaftcn,  61:  220-221. 

BROWN,  F.  A.,  JR.,  1962.  Responses  of  the  planarian,  Dttc/csia,  and  the  protozoan,  Para- 
mccium,  to  very  weak  horizontal  magnetic  fields.  Bio!.  Bull.,  123:  264-281. 

BROWN,  F.  A.,  JR.,  1971.  Some  orientational  influences  of  nonvisual,  terrestrial  electro- 
magnetic fields.  Ann.  N.  Y.  Acad.  Scl.,  188:  224-241. 

BROWN,  F.  A.,  JR.,  AND  C.  S.  CHOW,  1973a.  Interorganismic  and  environmental  influences 
through  extremely  weak  electromagnetic  fields.  Riul.  Bull.,  144:  437-461. 

BROWN,  F.  A.,  JR.,  AND  C.  S.  CHOW,  1973b.  Lunar-correlated  variations  in  water  uptake 
by  bean  seeds.  Biol.  Bull.,  145:  265-278. 


WATER  UPTAKE  AND  ROTATING  MAGNETS  379 

BROWN,  F.  A.,  JR.,  AXD  C.  S.  CHOW,  1974.     Phase  shifting  an  exogenous  variation  in  hamster 

activity  by  uniform  daily  rotation.     Proc.  Soc.  E.rp.  Biol.  Mcd..  145:   7-11. 
JONES,  R.  L.,  1960.     Response  of  plants  to  a  uniform  daily  rotation.     Nature,  185  :  775. 
LINDAUER,  M.,  AND  H.  MARTIN,  1968.     Die  Schwereorientierung  der  Bienen  unter  clem  Ein- 

fluss  des  Erdmagnetfeldes.     Z.   rcryl.    1'liysinl.,   60:   219-243. 
PALMER,  J.  D.,   1963.     Organismic  spatial   orientation  in  very   weak  magnetic   fields.     Nature, 

198:  1061-1062. 
PICTON,  H.  D.,  1966.     Some  responses  of  Drosophila  to  weak  magnetic  and  electrostatic  fields. 

Nature,  211:  303. 
STUTZ,  A.   M.,   1971.     Effects  of  weak  magnetic   fields   on   gerbil    spontaneous   activity.     Ann. 

N.  Y.  Acttd.  Sci.,  188 :  312-323. 
WALCOTT,  C.,  AND  R.  P.  GREEN,   1974.     Orientation   of  homing  pigeons   altered   by  a   change 

in  the  direction  of  an  applied  magnetic  field.     Science,  184:   180-182. 
WEHNER,  R.,  AXD  TH.  LABIIART,  1970.     Perception  of  the  geomagnetic  field  in  the  fly,  Droso- 

pliilui  melanogaster.     E.vpcricntia,  26:  967. 
WILTSCHKO,  W.,  AXD  R.  WILTSCHKO,  1972.     Magnetic  compass  of  European  robins.     Science, 

176:  62. 


Reference:   li'wl.  Bull.,  148:  380-392.     (June,  1075) 


CHEMORECEPTION  IN  THE  SHRIMP.  PALAEMONETES  PUGIO: 

COMPARATIVE  STUDY  OF  STIMULATORY 

SUBSTANCES  IN  HUMAN  SERUM1 

WILLIAM  E.  S.  CARR  AND  SAMUEL  GURIN 

C.  I',  U'hitncy  Rfarinc  Laboratory,  of  the  University  of  Florida  at  Marinelainl. 
Rt.  1,  Box  121,' St.  Augustine,  Florida  32084 

There  is  evidence  that  several  aspects  of  the  behavior  of  marine  crustaceans 
are  influenced  or  directed  by  external  chemical  agents.  Studies  with  various  crus- 
taceans have  indicated  that  external  chemical  agents  are  involved  with  such  diverse 
phenomena  as  feeding  behavior  (Case  and  Gwilliam,  1961 ;  Crisp,  1967 ';  Laverack, 
1963;  and  others),  host  location  by  commensals  (Ache  and  Case,  1969;  Davenport, 
1966),  mate  recognition  (Kittredge,  Terry  and  Takahashi,  1971;  Ryan,  1966), 
and  prey  concealment  (Kittredge,  Takahashi,  Lindsey  and  Lasker,  1974).  Chem- 
ical stimulation  of  feeding  behavior  has  received  the  attention  of  many  investigators 
(for  review,  see  Lindstedt,  1971).  Effectively  all  of  the  studies  on  this  phe- 
nomenon in  marine  crustaceans  have  focused  on  the  stimulatory  capacity  of  sub- 
stances of  low  molecular  weight,  especially  amino  acids  and  amines.  Inadequate 
attention  has  been  given  to  whether  or  not  the  substances  studied  actually  occurred 
in  sufficient  concentrations  in  potent  preparations  such  as  extracts  or  body  fluids 
to  account  for  the  responses  given  by  the  experimental  animal  to  the  latter 
preparations. 

The  report  that  follows  has  a  twofold  purpose :  1  )  to  describe  a  procedure  for 
studying  a  chemically  mediated  feeding  response  in  the  shrimp,  Palaeiiionetcs 
pngio,  and  2)  to  account  for  the  response-inducing  capacity  of  human  serum  in 
terms  of  the  compounds  present  and  their  relative  concentrations  in  serum. 
Human  serum  was  selected  as  the  standard  for  this  initial  study  with  P.  pugio 
because  in  addition  to  being  a  response-inducer,  a  large  literature  exists  on  its 
chemical  composition  and  many  of  its  principal  components  are  available  com- 
mercially. This  report  also  includes  some  preliminary  results  concerning  the 
nature  of  the  major  stimulants  present  in  certain  other  body  fluids  and  extracts. 


METHODS 
Maintenance  of  animals 

Groups  of  several  hundred  Palaeiiionctes  pngio  were  collected  every  two  weeks 
with  a  clip  net  near  the  Whitney  Marine  Laboratory.  Each  group  was  maintained 
in  a  35-gal  aquarium  provided  with  running  filtered  sea  water,  aeration,  and  a 
thin  layer  of  fragmented  beach  shell  on  the  bottom.  An  acclimation  period  of 
14  to  18  days  in  the  laboratory  was  required  before  each  new  group  could  be 
used  in  experiments.  During  the  acclimation  period  the  group  was  fed  daily  with 

1  This  research  was  supported  in   part  by  Grant   No.   GB-39289   from  the   National   Science 
Foundation. 
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TetraMin  (Tetra  Sales  Corp.,  Hayward,  Calif.).  After  the  initiation  of  experi- 
ments the  group  was  fed  once  a  week.  Another  source  of  food  consisted  of  re- 
cently molted  individuals  which  were  cannibalized  regularly.  Following  the  accli- 
mation period,  experiments  with  a  group  of  shrimp  continued  over  a  two-week 
period  after  which  the  group  was  replaced.  Individual  shrimp  were  used  in  no 
more  than  one  bioassay  per  day. 

Bioassay  procedures 

Bioassays  were  conducted  in  27  X  17.5  :  4  cm  plastic  boxes  (Piano  Molding 
Co.,  Piano,  111. )  divided  by  partitions  into  six  compartments  of  equal  size.  Each 
box  was  placed  inside  a  wooden  frame  over  which  a  plexiglass  sheet  was  mounted. 
Solutions  to  be  tested  were  introduced  into  each  compartment  through  a  Bubble 
Cone  aerator  (Marineland  Aquarium  Products,  Aquaria,  Inc.,  Los  Angeles). 
The  Bubble  Cone  (referred  to  hereafter  as  the  "target";  was  affixed  to  a  section  of 
3-mm  Tygon  tubing  and  entered  each  compartment  through  a  hole  (16-mm  dia) 
in  the  top  of  the  box.  Holes  (13-mm  dia)  in  the  plexiglass  sheet  above  each  box 
received  a  No.  00  rubber  stopper  bored  to  accommodate  the  Tygon  tubing.  This 
arrangement  permitted  the  target  to  be  introduced  into  each  compartment  with 
minimal  disturbance  to  the  shrimp  and  to  be  secured  in  a  stationary  position  with 
the  tip  approximately  1  cm  from  the  bottom  of  the  box.  Shrimp  could  move 
freely  beneath  the  tip  of  the  target.  A  5-ml  pipette  affixed  to  the  Tygon  tubing 
and  held  in  place  by  a  burette  clamp  served  as  the  reservoir  for  each  solution  to 
be  introduced  through  the  target.  Flow  rate  was  regulated  with  a  screw  clamp 
and  stopped  or  started  with  a  pinch  clamp.  The  pipette  was  refilled  after  each 
test  by  suction  with  a  rubber  bulb. 

Bioassays  were  standardized  as  follows.  (1)  Each  plastic  box  was  prerinsed 
in  sea  water  and  to  each  compartment  was  added  100  ml  of  water  from  the  aquar- 
ium containing  the  shrimp  to  be  used.  Three  shrimp  were  transferred  by  dip 
net  into  each  compartment  to  give  a  total  of  18  shrimp  per  box  (one  test  group). 
(2)  Each  box  of  shrimp  was  placed  in  its  wooden  frame  and  left  undisturbed  for 
60  minutes.  When  a  solution  was  to  be  tested  at  several  concentrations,  several 
boxes  of  shrimp  were  prepared  as  above  at  25  minute  intervals  so  that  each  suc- 
cessive box  remained  undisturbed  for  60  minutes  and  was  ready  for  testing  shortly 
after  completing  tests  with  the  preceding  box.  (3)  A  single  concentration  of  a 
solution  was  used  for  each  entire  box  of  shrimp.  The  solution  was  introduced 
into  each  compartment  for  a  1.5  minute  period  at  a  flow  rate  calibrated  to  deliver 
3.6  to  4.0  ml  during  this  period.  The  response  of  shrimp  to  stimulatory  solutions 
is  described  in  the  results.  The  pipette,  tubing  and  target  were  rinsed  thoroughly 
in  deionized  water  and  filtered  sea  water  before  and  after  each  concentration  of  a 
solution  was  tested.  All  solutions  were  prepared  in  the  same  filtered  sea  water 
that  was  provided  to  the  aquarium  maintaining  the  shrimp.  During  bioassays, 
compartments  containing  injured  or  newly  molted  shrimp  were  not  tested. 

Preparation  of  solutions  for  bioassay 

For  testing  single  compounds  or  mixtures  of  compounds,  a  concentrated  stock 
solution  was  prepared  in  filtered  sea  water  -md  kept  in  ice.  When  necessary  the 
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pH  was  adjusted  to  7  to  8  as  determined  with  Alkacid  paper.  A  solution  of  the 
desired  concentration  was  prepared  by  pipetting  a  small  volume  of  stock  solution 
into  the  appropriate  volume  of  sea  water. 

Fresh  frozen  human  serum  was  obtained  from  the  Clinical  Chemistry  Labora- 
tory, J.  Hillis  Miller  Health  Center,  University  of  Florida.  Lyophilized  human 
serum,  human  alphai-globulins  (Fraction  IV-1),  beta  globulins  (Fraction  III), 
gamma-globulins  (Fraction  II),  glycoprotein  (orosomucoid,  Fraction  VI),  and 
albumin  were  obtained  from  Miles  Laboratories.  Purified  plasma  lipoproteins 
were  prepared  by  Dr.  Richard  Triplett,  Department  of  Medicine  and  Biochemistry, 
University  of  Florida. 

UltrafiUration  and  dialysis 

Ultrafiltration  through  Amicon  UM-2  membranes  retaining  molecules  greater 
than  ca.  1000  molecular  weight  was  carried  out  in  a  50-ml  stirred  cell  with  30  psi 
of  NL.  at  4°  C.  Certain  protein  solutions  were  prepared  in  1%  NaCl  and  dialyzed 
for  24  hr  at  4°  C  with  constant  stirring  in  20-mm  Visking  tubing.  Dialysis  was 
effected  by  four  changes  of  one  liter  of  \%  NaCl. 

Preparation  of  body  fluids  and  extract  from  other  sources 

All  preparations  were  made  from  live  specimens.  Hemolymph  serum  of  male 
blue  crabs  (Callinectes  sapidns],  extract  of  pink  shrimp  (Pcnaeus  duorarmn) 
and  oyster  fluid  (Crassostrea  virginica)  were  prepared  as  described  by  Carr,  Hall 
and  Gurin  (1974)  and  by  Gurin  and  Carr  (1971).  Extract  of  spiny  lobster 
(Panulinis  argiis)  was  prepared  by  cutting  up  abdominal  muscle  in  cold  deionized 
water  and  shaking  for  30  minutes  in  an  ice  bath  followed  by  centrifugation  at 
4°  C,  decantation,  and  storage  in  ice.  Extract  of  coquina,  Dona.v  variabilis,  was 
prepared  by  grinding  up  entire  animals  with  a  mortar  and  pestle  in  cold  filtered 
sea  water  followed  by  centrifugation  and  treatment  as  above. 

Statistical  treatment  of  data  and  presentation  of  results 

Many  of  the  data  which  follow  were  analyzed  by  Potency  Probit  Analysis 
employing  the  computer  program  of  Damn  and  Givens  (1963)  at  the  Northeast 
Regional  Data  Center,  University  of  Florida.  A  brief  description  of  the  program 
is  provided  by  Carr  (1967).  Comparisons  of  the  relative  potencies  of  solutions 
were  obtained  by  assaying  solutions  over  a  range  of  concentrations  and  determining 
the  concentration  at  which  each  solution  induced  a  positive  response  in  50  per  cent 
of  the  test  animals  (effective  dose  for  50  per  cent  of  test  animals  -  •  ED50).  Unless 
otherwise  indicated  each  determination  of  an  ED50  involved  bioassays  of  at  least 
three  concentrations  with  a  minimum  of  18  shrimp  employed  at  each  concentra- 
tion. Statements  of  statistical  significance  are  based  on  95%  limits  of  confidence. 

In  the  literature,  concentrations  of  many  constituents  of  human  blood  are 
usually  expressed  in  terms  of  their  concentrations  in  blood  plasma.  In  the  current 
study  the  concentrations  of  constituents  that  are  assumed  for  human  serum  were 
obtained  from  reported  concentrations  in  plasma.  Serum  is  considered  to  be 
plasma  minus  fibrinogen  and  certain  other  clotting  agents.  To  compare  directly 
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the  potency  of  certain  constituents  of  human  serum  with  that  of  serum  itself,  the 
concentrations  of  the  constituents  are  expressed  in  terms  of  serum  milliequivalents. 
One  serum  milliequivalent  is  defined  here  as  the  amount  of  the  particular  constitu- 
ent that  would  be  present  per  ml  of  sea  water  when  serum  itself  was  diluted  to  a 
concentration  of  one  pi  per  ml  of  sea  water.  Hence,  one  thousand  milliequivalents 
equals  the  amount  of  the  particular  constituent  that  would  he  present  in  full 
strength  serum  (i.e.,  1000  jul/ml). 

RESULTS 

In  an  aquarium  individuals  of  Palaemonetes  pugio  remained  for  the  most 
part  on  the  bottom  in  a  reasonably  stationary  position.  However  the  introduction 
of  pieces  of  fish,  shrimp  or  other  potential  food  items  quickly  stimulated  a  marked 
change  in  behavior.  The  initial  recognition  of  the  presence  of  food  was  indicated 
by  increased  movement  followed  by  a  rapid  swarming  around  and  a  distinct 
searching  behavior  that  included  swimming  up  and  down  throughout  the  water 
column.  Food  itself  was  not  required  for  the  stimulation  of  such  behavior  since 
the  addition  of  small  amounts  of  filtered  extracts  would  induce  the  same  response. 
Likewise,  small  pieces  of  sponge  soaked  in  an  extract  wrould  be  sought  out  and 
converged  upon  by  groups  of  shrimp.  Pieces  of  clean  sponge  soaked  only  in  sea 
water  were  ineffective.  These  preliminary  observations  led  to  the  development 
of  the  bioassay  procedure  used  in  the  current  study. 

In  the  plastic  boxes  used  for  bioassays,  the  introduction  of  a  strong  stimulant 
is  quickly  detected  by  individuals  in  a  compartment  and  the  target  is  usually  found 
within  a  few  seconds.  Preliminary  tests  with  several  hundred  individuals  over 
various  periods  of  time  revealed  that  a  standardized  test  period  of  1.5  minutes 
\vas  adequate  for  obtaining  responses  from  effectively  all  individuals  that  would 
respond  at  all.  A  positive  response  in  the  bioassay  procedure  consists  of  a  shrimp 
moving  to  the  target  and  grasping  it.  Since  the  lower  tip  of  the  target  was  ca. 
one  cm  from  the  bottom  of  the  compartment,  each  positive  response  required  that 
the  shrimp  leave  the  bottom  and  suspend  himself  near  the  surface  when  the  target  is 
grasped.  This  behavior  was  very  seldom  observed  in  the  absence  of  stimulant. 
In  controls  that  were  run  during  the  course  of  these  experiments,  only  two  indi- 
viduals out  of  440  (0.5%)  gave  positive  responses  when  filtered  sea  water  alone 
was  introduced  through  the  target. 

Tests  witli  glycine 

During  the  initial  stages  of  this  investigation,  it  was  noted  that  glycine  was  a 
response  inducer.  Hence  glycine  was  used  to  determine  the  degree  of  reliability 
of  the  procedure.  Fresh  glycine  solutions  were  tested  repetitively  on  four  sepa- 
rate days  with  individuals  from  a  single  group  of  shrimp  and  with  individuals 
from  four  separate  groups  collected  at  different  times  during  a  period  of  three 
months.  With  individuals  from  the  same  group  of  shrimp,  the  ED-)0  of  glycine 
averaged  3.7  X  10'3  M  and  ranged  from  2.4  X  10~3  to  5.2  X  IQr3  M.  These  de- 
terminations were  not  significantly  different.  With  individuals  from  separate 
groups  the  ED50  of  glycine  averaged  4.9  X  10"3  M  and  ranged  from  2.8  X  10~3  to 
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7.2  X  10~3  M.  These  determinations  were  not  significantly  different.  On  the 
basis  of  these  repeated  assays  of  glycine  it  was  evident  that  the  procedures  had  a 
satisfactory  degree  of  reliability  and  could  be  used  to  measure  the  relative  potency 
of  solutions.  The  decision  to  use  a  14  to  18  day  period  of  acclimation  prior  to 
the  initiation  of  experiments  with  a  new  group  of  shrimp  (see  methods)  evolved 
primarily  from  the  above  studies  with  glycine.  Shrimp  kept  in  the  lab  for  shorter 
periods  did  not  adjust  well  to  confinement  in  the  plastic  boxes.  Many  would 
continue  to  scurry  about  in  the  compartments  and  jump  against  the  walls  even 
after  a  one-hour  period.  Shrimp  in  this  hyperactive  condition  would  frequently 
even  refuse  to  accept  food  and  could  not  be  tested.  However,  after  14  to  18  days 
in  captivity  this  hyperactive  response  to  transfer  and  confinement  decreased  dra- 
matically and  by  the  end  of  a  one-hour  period  effectively  all  individuals  had  as- 
sumed a  reasonably  inactive  state. 


TABLE  I 
Concentrations  of  substances  in  human  plasma  and  responses  of  P.  pugio  to  these  substances. 


Substance  (s) 

Upper  limit  of  normal 
cone,  in  human  plasma 
(mg/ml  of  plasma) 

Concentrations  tested 

Per  cent 
of  shrimp 
responding 

mg/ml 

serum 
millicquivalents 
per  ml 

Albumin 

45t 

1.0 
5.0 

22 
110 

22 
28 

Alpha  i-globulins 

6t 

0.12 
0.6 

20 
100 

11 
50 

1.5 

250 

56 

Orosomucoid 

0.75f 

0.075 
0.375 

100 
500 

7 
33 

Beta-globulins 

Ht 

0.11 
1.1 

10 
100 

17 
11 

Gamma-globulins* 

15f 

0.15 
0.6 

10 
40 

6 

17 

1.2 

80 

33 

High  density  lipoprotein 

5.3J 

0.33 
0.66 

60 
120 

13 
17 

Low  density  lipoprotein 

4{ 

0.14 
0.28 

35 
70 

27 
53 

0.56 

140 

56 

Very  low  density  lipoprotein 

2J 

0.04 
0.4 

20 
200 

13 
50 

Glycogen 

0.06f 

0.1 
1.0 

1  700 
17000 

6 
56 

t  Concentrations  derived  from  White,  Handler  and  Smith  (1964,  pp.  628  and  633).  Values 
for  proteins  presented  by  White  et  al.  are  in  units  of  g/100  ml. 

J  Concentrations  derived  from  Scanu  and  Wisdom  (1972). 

*  Gamma-globulins  dialyzcd  exhaustively  for  24  hours  prior  to  testing  to  remove  glycine 
added  by  Miles  Laboratories  as  a  stabilizing  agent. 
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FIGURE  1.  Responses  given  by  P.  pugio  to  human  serum  and  to  certain  serum  proteins 
and  glycogen.  Regression  lines  were  drawn  from  computed  effective  dose  values  obtained  by 
Potency  Probit  Analysis.  The  potency  (and  95%  confidence  limits)  of  low  density  lipoprotein 
(LDL)  and  alphai-globulins  were  0.131  (0.444-0.049)  and  0.065  (0.197-0.024)  respectively. 
Potency  X  100  equals  percent  of  activity  of  total  serum. 


Studies  of  stimulatory  substances  in  human  sent  in 

Following  ultrafiltration  of  human  serum  through  a  UM-2  membrane  it  was 
found  that  the  retentate  containing  substances  of  greater  than  ea.  1000  MW  was  as 
active  as  the  total  serum.  The  ultrafiltrate  containing  smaller  molecules  was  sig- 
nificantly less  active  and  accounted  for  less  than  20  per  cent  of  the  activity  of  the 
total  serum. 

In  human  serum,  proteins  and  glycogen  are  the  major  substances  with  molec- 
ular weights  greater  than  1000.  Table  I  contains  the  results  of  bioassays  of  many 
of  these  substances  together  with  the  normal  concentrations  at  which  they  occur 
in  human  plasma.  All  of  the  substances  possessed  a  certain  degree  of  response- 
inducing  activity.  When  the  concentrations  tested  are  considered  solely  on  the 
basis  of  mg  per  ml  of  sea  water,  the  activities  of  five  of  the  substances  (alphai- 
globulins,  orosomucoid,  low  density  lipoprotein,  very  low  density  lipoprotein,  and 
glycogen)  are  quite  similar.  The  ED50  values  of  these  five  substances  were  esti- 
mated to  range  between  ca.  0.3  and  0.8  mg  per  ml  of  sea  water.  Values  for  the 
other  substances  were  considerably  higher.  Since  there  are,  however,  differences 
in  the  inherent  concentrations  of  these  various  substances  in  serum  itself,  these 
differences  must  be  considered  in  assessing  the  relative  contribution  that  each  sub- 
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FIGURE  2.  Responses  given  by  P.  pugio  to  human  serum  and  to  certain  serum  components 
and  mixtures  of  components.  Regression  lines  were  drawn  from  computed  effective  dose  values 
obtained  by  Potency  Probit  Analysis.  No  regression  line  was  computed  for  results  obtained 
from  Solution  2.  Potencies  (and  95%  confidence  limits)  of  major  mixtures  were  as  follows: 
Protein  mixture  +  Solution  1  +  Solution  2  ==  2.226  (15.311-0.659)  ;  Protein  mixture  ==  0.239 
(0.875-0.066);  Solution  1  +  Solution  2  ==  0.127  (0.874-0.035);  Solution  1  =  0.016  (0.073- 
0.005).  Potency  X  100  equals  percent  of  activity  of  total  serum. 


stance (s)  might  make  to  the  potency  of  serum.  Differences  in  inherent  concen- 
trations are  illustrated  in  Figure  1  which  expresses  all  concentrations  in  terms  of 
serum  milliequivalents  (see  methods).  The  figure  illustrates  the  potency  of  cer- 
tain of  these  serum  components  relative  to  the  potency  of  serum  itself.  Individu- 
ally, each  type  of  protein  (and  glycogen)  could  account  for  only  a  small  portion  of 
the  potency  of  total  serum.  Low  density  lipoprotein  and  the  alphai-globulins 
were  the  most  potent  of  these  substances  and  accounted  for  approximately  13  per 
cent  and  7  per  cent  of  the  potency  of  serum  respectively.  The  other  substances, 
though  all  possessing  various  degrees  of  activity  could,  individually,  account  for 
less  than  5  per  cent  of  the  potency  of  total  serum. 

The  finding  that  none  of  the  separate  groups  of  proteins  (or  glycogen)  cited 
above  was  able  to  account  for  a  major  part  of  the  potency  of  total  serum  suggested 
that  the  potency  of  serum  might  be  attributed  to  a  mixture  of  two  or  more  of 
these  groups.  A  mixture  of  human  albumin,  alphai-globulins,  beta  globulins, 
gamma-globulins,  low  density  lipoprotein  and  orosomucoid  was  prepared  such  that 
each  constituent  was  present  at  the  same  relative  concentration  as  in  serum.  This 
mixture  was  dialyzed  exhaustively  and  bioassayed.  Figure  2  shows  that  this 
mixture  was  somewhat  more  active  than  any  of  its  individual  components  and 
could  account  for  approximately  24  per  cent  of  the  potency  of  the  total  serum. 
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Table  II  gives  the  composition  of  stock  solutions  that  were  prepared  for  mea- 
suring the  potency  of  mixtures  of  the  37  major  organic  constituents  of  low  molec- 
ular weight  found  in  human  plasma.  For  convenience  these  substances  were  di- 
vided into  two  groups  for  testing :  Solution  1 — comprised  of  amino  acids,  taurine, 
and  urea;  Solution  2 — comprised  of  other  small  nitrogenous  substances,  carbo- 
hydrates, and  organic  acids.  Figure  2  shows  that  the  mixture  of  substances  in 
Solution  1  could  account  for  only  approximately  two  per  cent  of  the  potency  of 
serum  whereas  the  components  of  Solution  2  were  even  less  active.  A  mixture  of 
substances  in  both  solutions  (Solutions  1  and  2)  was  considerably  more  effective 
but  could  account  for  only  approximately  13  per  cent  of  the  potency  of  total  serum. 
The  potency  of  the  latter  mixture  compared  favorably  with  the  potency  of  the 
UM-2  ultranltrate  described  earlier. 

Of  the  substances  tested  thus  far  in  this  study,  the  proteins  made  the  largest 
contribution  to  the  potency  of  total  serum.  However,  the  failure  of  the  mixture 
of  known  proteins  to  account  for  the  entire  potency  of  serum  suggested  that  the 


TABLE   1 1 

Composition  of  solutions  prepared  for  measuring  potency  of  substances 
of  low  molecular  weight  found  in  human  plasma.* 


Solution  1 


Solution  2 


Compounds  included 


Upper  limit  of 

normal  cone,  in 

human  plasma 

(mg/100  ml) 


Compounds  included 


I'pppr  limit  of 

normal  cone,  in 

human  plasma 

(mg/100  ml) 


Alanine 

Alpha-aminobutyric  acid 

Arginine 

Asparagine 

Aspartic  acid 

Cysteine  and  cystine 

Glutamic  acid 

Glutamine 

Glycine 

Histidine 

Isoleucine 

Leucine 

Lysine 

Methionine 

Phenylalanine 

Proline 

Serine 

Taurine 

Three-nine 

Tryptophan 

Tyrosine 

Urea 

Valine 


3.7 

0.4 

1.9 

0.7 

0.07 

1.3 

1.2 

12.0 
1.7 
1.5 
1.3 
2.3 
3.0 
0.4 
1.0 
3.3 
1.2 
0.8 
1.7 
1.2 
1.5 

30.0 
3.7 


Bilirubin 

Citric  acid 

Creatine 

Creatinine 

Fructose 

Glucose 

Alpha-ketoglutaric  acid 

Lactic  acid 

Malic  acid 

Ornithine 

Pyruvic  acid 

Succinic  acid 

Uric  acid 


1.4 
3.0 
0.9 
2.0 
8.0 

90.0 
1.0 

17.0 
0.9 
0.8 
2.0 
0.6 
6.0 


*  Compounds  and  concentrations  given  by  White,  Handler  and  Smith  (1964,  p.  628).  Stock 
solutions  were  prepared  with  all  constituents  present  at  concentrations  ten-fold  the  values  shown 
in  table. 
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presence  of  certain  substances  of  low  molecular  weight,  together  with  the  proteins, 
might  be  necessary  to  account  for  the  total  activity  of  serum  itself.  To  test  this 
possibility  a  mixture  containing  the  six  dialyzecl  proteins  described  earlier  was 
combined  with  a  mixture  of  Solution  1  and  Solution  2  for  testing.  Figure  2  shows 
that  this  mixture  provided  a  solution  that  was  fully  as  active  as  total  serum.  The 
fact  that  this  mixture  was  seemingly  somewhat  more  potent  than  serum  itself  was 
probably  due  to  the  fact  that  each  substance  in  the  mixture  was  added  at  a  con- 
centration proportionate  to  the  normal  upper  limit  reported  for  plasma.  Although 
this  practice  provided  solutions  in  which  the  various  constituents  of  serum  oc- 
curred at  their  proper  relative  concentrations,  this  practice  logically  resulted  in 
the  incorporation  of  certain  constituents  at  concentrations  higher  than  those  which 
actually  existed  in  the  samples  of  total  serum  that  were  used  as  a  standard. 

Bioassays  of  individual  substances  of  low  molecular  weight 

In  conjunction  with  the  tests  of  mixtures  of  substances  of  low  molecular  weight 
found  in  human  serum,  several  of  these  same  substances  were  assayed  individually 
over  a  range  of  concentrations  of  10~2  to  10~4  M.  In  addition  to  glycine  (ED;-,o 
ca.  5  X  10~a  M  ),two  other  substances  were  found  to  be  moderately  strong  response- 
inducers  when  tested  alone.  These  substances  were  L-glutamic  acid  (ED50  ca. 
10~2  M  )  and  taurine  (ED,-,()  ca.  4  X  1O3  M).  Individually,  the  activities  of  glycine, 
glutamic  acid,  and  taurine  accounted  for  only  0.01  to  0.08  per  cent  of  the  potency 
of  total  serum  (see  Fig.  2).  Slight  activity  was  also  obtained  with  citric  acid, 
D-glucose,  and  betaine  (not  reported  to  be  a  constituent  of  human  plasma).  How- 
ever, the  ED.-,0,  if  any,  for  each  of  these  latter  substances  was  greater  than  10~2  M. 
A  mixture  of  glycine,  glutamic  acid,  taurine,  citric  acid,  and  glucose  was  prepared 
with  each  substance  present  at  the  same  relative  concentration  as  in  plasma  (see 
Table  II).  This  mixture  could  account  for  only  approximately  one  per  cent  of 
the  potency  of  serum  itself  and  was  slightly  less  active  than  the  mixture  of  sub- 
stances in  Solution  1  described  earlier. 

None  of  the  following  substances  were  response-inducers  over  the  range  of 
concentrations  indicated  as  follows:  10~"  to  10~:i  M,  N-acetylglucosamine,  N-acetyl- 
glycine,  glycerol,  lactic  acid,  proline,  and  trimethylamine  oxide;  10" 3  to  10~*  M, 
glutathione,  glycerophosphorylcholine,  octopine,  octopinic  acid;  10~4  to  10~~5  M, 
cyclic  adenosine  monophosphate,  L-3,4  dihydroxyphenylalanine  (DOPA),  L-epi- 
nephrine,  melatonin,  and  serotonin.  Of  the  substances  listed  above,  only  lactic 
acid  and  proline  are  considered  to  be  among  the  major  constituents  of  normal 
human  plasma. 

Preliminary  tests  witJi  body  fluids  and  e.rtracts  from  other  sources 

A  series  of  other  body  fluids  and  extracts  were  assayed  before  and  after  frac- 
tionation  by  ultrafiltration.  In  two  of  the  preparations  substances  of  greater  than 
ca.  1000  molecular  weight  (presumably  proteins)  were  the  major  stimulants, 
whereas  smaller  molecules  were  the  major  stimulants  in  the  other  three  prepara- 
tions. With  oyster  mantle  fluid  and  with  coquina  extract,  the  retentates  were 
fully  as  active  as  the  original  preparations.  The  ultrafiltrates  of  both  were  sig- 
nificantly less  active.  With  crab  serum,  lobster  extract  and  shrimp  extract,  the 
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major  stimulants  were  present  in  the  ultrafiltrates  which  in  each  case  were  not 
significantly  less  active  than  the  original  preparations.  The  retentates  of  each 
of  these  latter  preparations  were  significantly  less  active. 

DISCUSSION 

Palaeiiionetcs  pugio  proved  to  be  an  excellent  test  animal  for  studies  of  chemo- 
reception.  This  small  shrimp  abounds  near  the  shoreline  of  the  estuarine  habitat 
near  our  laboratory.  It  is  easy  to  maintain  in  dense  populations  with  the  reserva- 
tion that  considerable  cannibalism  occurs  especially  upon  freshly  molted  individuals. 
The  bioassay  procedure  that  was  described  is  both  convenient  and  reliable.  This 
procedure  allows  the  investigator  to  quickly  recognize  response-inducing  solutions 
and  to  compare  in  a  quantitative  manner  the  relative  potencies  of  closely  related 
solutions. 

Our  results  clearly  show  that  the  effectiveness  of  human  serum  as  a  chemo- 
sensory  stimulant  in  P.  pnyio  is  due  to  a  mixture  of  substances  rather  than  to  a 
single  major  stimulant.  This  mixture  of  substances  includes  both  proteins  and 
a  group  of  components  of  low  molecular  weight.  Our  finding  that  proteins  make 
a  major  contribution  to  the  potency  of  this  mixture  provides  an  important  corol- 
lary to  several  other  recent  reports  on  the  nature  of  feeding  stimulants  in  other 
groups  of  marine  invertebrates.  Gurin  and  Carr  (1971)  showed  that  in  the  gas- 
tropod, Nassarius  obsolctus  (phylum  Mollusca),  stimulation  of  the  probosis 
search  reaction  by  human  serum  and  oyster  fluid  could  be  ascribed  primarily  to 
very  low  concentrations  of  specific  proteins.  In  human  serum  the  major  stimu- 
lant was  serum  albumin  whereas  in  oyster  fluid  it  was  a  large  glycoprotein.  Addi- 
tional evidence  that  proteins  present  in  other  biological  fluids  and  extracts  serve 
as  important  feeding  stimulants  in  N.  obsolctus  was  provided  by  Carr.  Hall  and 
Gurin  (1974).  Mangum  and  Cox  (1971)  reported  evidence  that  a  glycoprotein 
in  a  mollusk  extract  made  a  significant  contribution  to  stimulation  of  a  feeding 
response  in  the  polychaete,  Diopatra  citf>rca  (phylum  Annelida).  Heeb  (1973) 
found  that  protein  fractions  isolated  from  two  mollusk  extracts  made  an  important 
contribution  to  stimulation  of  feeding  behavior  in  the  starfish,  Astcrias  forbcsi 
(phylum  Echinodermata). 

In  P.  pnyio,  the  fact  that  proteins  make  an  important  contribution  to  the 
stimulatory  capacity  of  human  serum  does  not  justify  the  assumption  that  proteins 
make  an  important  contribution  to  the  activity  of  all  preparations  that  stimulate 
feeding  behavior  in  this  animal.  Preliminary  tests  with  other  body  fluids  and  with 
extracts  showed  that  the  nature  of  the  major  feeding  stimulants  are  apt  to  vary 
in  preparations  obtained  from  different  sources.  In  crab  serum  and  in  extracts  of 
shrimp  and  lobster  it  is  clear  that  the  major  stimulants  are  not  proteins  but  arc1 
substances  of  reasonably  low  molecular  weight.  However,  the  results  of  our  tests 
with  the  common  amino  acids,  amines,  organic  acids,  and  carbohydrates  suggest 
strongly  that  these  substances  alone  will  not  prove  to  be  the  major  stimulants  since 
the  concentrations  at  which  they  occur  in  these  latter  preparations  are  inadequate 
to  account  for  the  potencies  of  the  crab  serum  or  the  extracts  themselves.  Addi- 
tional studies  of  the  stimulants  in  these  preparations  are  in  progress. 

The  possession  of  chemoreceptors  sensitive  to  amino  acids  and/or  other  nitrog- 
enous compounds  of  low  molecular  weight  is  characteristic  of  effectively  all 
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marine  arthropods   that  have   been   studied   to   date   using   either   behavioral   pro- 
cedures or  electrophysiological  techniques.     In  the  current  study  with  P.  pugio, 
taurine    (ca.  0.004  M),  glycine    (0.005   M),   L-glutamic   acid    (ca.   0.01    M),   and 
betaine   (>  0.01   M)   were  found  to  be  response-inducers   when  tested  alone.      It 
is  of  interest  that  sufficient  ^ncentrations  of  one  or  more  of  the  above  substances 
have  also  been  reported  to  induce  feeding  behavior  and/or   elicit  chemoreceptor 
activity  in  a   variety   of   other   marine   arthropods.      Case   and   Gwilliam    (1961) 
found  that  dactyl  receptors  of  the  crab.  Carcinidcs  inacnas,  were  especially  sensitive 
to  L-glutamic  acid  at  concentrations  as  low  as  0.00005  M.     Moreover,  the  appli- 
cation of  either  0.001   M  glutamic  acid  or  of  My  til  us  extract  to  the  chelae  stimu- 
lated the  beginning  of  feeding  movements.     However,   no  report  of  the  concen- 
tration of  glutamic  acid  in  the  extract  wras  given.     Laverack  (1963)   found  dactyl 
receptors  of  C.  inacnas  sensitive  to  betaine    (0.1   to  0.001   M).   Laverack    (1964) 
later  reported  the  presence  of  antennular  receptors  of  the  spiny  lobster,  Pa  nit  lints 
argns,  that  were  sensitive  to  0.1  M  betaine,  glycine,  and  L-glutamic  acid.     Levan- 
dowski  and  Hodgson    (1965)   also  reported  that  antennular  and  dactyl   receptors 
of  P.  art/us  were  sensitive  to  betaine  and   L-glutamic   acid   but   less   sensitive   to 
glycine.     The  horseshoe  crab,  Linntlits,  possesses  gnathobase  receptors   sensitive 
to  0.5  M  glycine,  glutamic  acid  and  taurine   (Barber  and  Hayes,   1963).     How- 
ever, clam  extracts  were  noted  by  the  latter  workers  to  elicit  responses  stronger 
than  any  given  to  amino  acids  when   tested   either   alone  or  as   mixtures.      Case 
(1964)    studied   thoroughly   certain   properties   of   dactyl    chemoreceptors    of   two 
crabs,  Cancer  antcrnnarins  and  C.  prodnctus.     Response  magnitudes  to  various 
substances  were  compared  to  those  evoked  by  0.05  M  glycine.     Included  among 
the    substances    with    response    magnitudes    greater    than    glycine    were    taurine, 
L-glutamic  acid  and  betaine.     Crisp    (1967)    reported   that   L-glutamic  acid   and 
taurine  (ca.  0.00002  M  )  were  the  most  effective  substances  he  tested  for  inducing 
feeding   movements   of  cirri   in   two    species   of   stalked   barnacles.      Betaine    (ca. 
0.0002   M)    and  glycine    (ca.  0.002   M)    were  also  active.     Two   species   of  com- 
mensal shrimp  of  the  genus  Bctacus  were  found  by  Ache  and   Case    (1969)    to 
possess   antennular    receptors    sensitive    to    glutamate    and    glycine    (ca.    0.1    M). 
McLeese  (1970)  found  glutamic  acid  (ca.  0.7  ppm)  to  be  among  the  most  effec- 
tive inducers  of  a  feeding  response  in  the  lobster,  Houiariis  aincricanns.     McLeese 
pointed  out  that  although  several  amino  acids  and  other  substances  induced  feeding 
behavior  either  alone  or  in  mixtures,  none  of  the  substances  or  mixtures  were  as 
stimulatory  as  extracts  of  cud.  shrimp  or  lobster  muscle.     In  summary  one  must 
conclude  that  although  an  array  of  marine  arthropods  have  been  shown  to  have 
chemoreceptors  capable  of  detecting  certain   amino   acids   and   related   substances, 
no  studies  have  shown  that  these  substances  can  account  for  the  major  portion  of 
the  stimulatory  activity  of  a  single  tissue  extract  or  biological  fluid. 

Copeland  (1923)  reported  that  Palaemonetes  ntlgaris  could  find  fish  meat 
buried  in  sand  or  in  a  tube  covered  with  cloth.  His  early  studies  showed  that 
chemical  agents  emanating  from  food  served  to  attract  the  shrimp  to  this  food. 
The  age-old  practices  of  attracting  crabs  and  lobsters  into  baited  traps  and  of 
chumming  the  water  for  shrimp  are  examples  of  the  potential  that  exists  for  ex- 
ploiting the  chemical  sense  of  marine  invertebrates  as  a  means  of  increasing  the 
harvest  of  seafood.  Technological  advances  in  this  area  are  likely  to  be  forthcom- 
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ing  as  soon  as  the  chemical  nature  of  the  principal  attractants  in  "haits"  and 
"chum"  are  determined.  Such  determinations  should  he  enhanced  greatly  by  the 
development  and  utilization  of  quantitative  bioassay  procedures  which  permit  the 
investigator  to  compare  directly  the  potencies  of  various  baits  as  well  as  the  po- 
tencies of  the  specific  chemical  substances  that  they  contain. 

SUM  MARY 

1.  A  bioassay  procedure  is  described  for  studying  a  chemically  mediated  feed- 
ing response   in   the   shrimp,    I  \tlacinonctcs   pugio.      The   procedure    involves   the 
attraction  of  shrimp  to  a  small  target  in  compartmented  plastic  boxes. 

2.  Bioassays  of  purified  components  of  human  serum  showed  that  the  response 
of  shrimp  to   serum   is   due   to  a   mixture   of  substances   including  both   proteins 
and  substances  of  low  molecular   weight. 

3.  A  dialyzed  mixture  containing  six   types  of   serum   proteins  accounted  for 
approximately  one-fourth  of  the  potency  of  serum.     Although  all  of  the  proteins 
possessed  a  certain   degree  of   activity,   low   density   lipoprotein   and   the   alphai- 
globulins  were  individually  the  most  active  components  of  the  mixture. 

4.  A  mixture  containing  the  37  major  low  molecular  weight  organic  constitu- 
ents  of   serum   accounted   for   only   approximately   one-eighth   of   the   potency    of 
serum.     Glycine,  taurine  and  glutamic  acid  were  the  most  active  constituents  of 
this  mixture  that  were  tested  individually. 

5.  A  mixture  containing  the  six  types  of  serum  proteins  together  with  the  37 
low  molecular  weight  constituents  was  fully  as  active  as  the  total  serum. 

6.  Ultrafiltration  of  body  fluids  or  extracts  from  coquina,  crab,  lobster,  oyster 
and  shrimp  showed  that   in   some  preparations  the  major   stimulants   were  large 
molecules    (greater    than    ca.    1000    MW)    whereas    in    others    they    were    small 
molecules. 
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ENVIRONMENTAL  REGULATION  OF  THE  ANNUAL 

REPRODUCTIVE  SEASON  OF  STRONGYLOCENTROTUS 
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Department  of  Bioloi/y,   University  of  Cu/iforuiu,  Los  .-lu</eles.  Culifoniia 

Along  the  length  of  the  Pacific  Coast  from  Alaska  to  Cedros  Island,  the  gonads 
of  Strongylocentrotus  pnrpitratus  contain  numerous  mature  gametes  during  the 
winter  months  (Lasker  and  Giese,  1954;  Bennett  and  Giese,  1955;  Holland  and 
Giese,  1965;  Boolootian,  1966;  Chatlynne,  1969;  Cochran  and  Engelmann,  1972; 
Conor,  1973a,  1973b).  Following  this  season,  the  gonads  are  depleted  of  gametes, 
and  nutritional  reserves  appear  to  be  accumulated  (Holland  and  Giese,  1965; 
Conor,  1973a).  In  the  fall  and  early  winter  months,  more  and  more  gametes 
are  produced  and  accumulate.  The  synchrony  of  the  annual  reproductive  cycles 
of  different  populations  of  S.  f>ur[>itnitns  has  led  to  suggestions  that  they  are 
regulated  by  environmental  factors  (Bennett  and  Giese,  1955;  Boolootian,  1963; 
Chatlynne,  1969;  Conor,  1973a;  Giese  and  Pearse,  1974). 

Boolootian  (1963)  reported  a  proliferation  of  spermatogonia  under  the  stimulus 
of  long-day  photoperiod  (14L:10D),  while  short-day  (6L:18D)  presumably  in- 
duced complete  maturation  of  sperm  within  three  weeks.  Others  (Bennett  and 
Giese,  1955;  Chatlynne,  1969)  have  suggested  that  temperature,  or  food  avail- 
ability (Conor,  1973a)  may  be  the  agents  regulating  the  reproductive  cycle.  On 
the  other  hand,  it  has  been  reported  that  a  laboratory  population  of  S.  fnir^itratiis 
in  constant  temperature  (15°±1°  C)  and  light,  approximating  natural  condi- 
tions, remained  reproductively  synchronous  with  the  field  populations  over  a 
three  year  period  (Boolootian,  1964).  This  latter  information  raises  the  possibility 
of  an  endogenous  near  annual  rhythm  of  reproduction,  independent  of  environ- 
mental factors  (Boolootian,  1966). 

In  conjunction  with  research  on  echinoid  spawning  factors  (Cochran  and 
Engelmann,  1972),  the  current  study  was  undertaken  to  analyze  the  effects  of 
photoperiod  and/or  temperature  on  the  onset  and  termination  of  the  reproductive 
activity  of  a  Southern  California  subtidal  population  of  S.  purpumtits.  Subtidal 
animals  were  chosen  because  changes  in  environmental  conditions,  such  as  tem- 
perature, salinity,  and  food  availability,  are  generally  more  gradual  than  in  the 
intertidal  zones. 

MATERIALS  AND  METHODS 

All  specimens  of  S.  pnrpiinttiis  were  collected  at  Flat  Rock  Point  on  the  Palos 
Verdes  Peninsula  (Los  Angeles,  California)  at  depths  of  two  to  eight  meters 
using  SCUBA  and  skin-diving  equipment.  The  animals  were  transported  in 
burlap  bags  to  holding  tanks  within  one  hour  of  collection.  Approximately  % 
of  the  animals  collected  in  this  manner  die  within  the  first  two  weeks,  but  there 
is  not  much  subsequent  attrition. 
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The  following  arrangement  was  used  for  the  photoperiod  experiments:  four 
150-liter  tanks  were  arranged  in  two  tiers  of  t\vo  tanks  each.  All  external  light 
was  excluded  from  the  tanks  by  means  of  heavy,  opaque,  rubberized  curtains.  The 
top  tier  was  insulated  from  the  light  of  the  bottom  tier  as  well.  Light  was  pro- 
vided bv  two  100-watt  tungsten-filament  bulbs  over  each  tank,  and  controlled  by 
timer  clocks.  The  light  cycle  for  the  top  tier  was  independent  from  the  cycle  of 
the  bottom  tier.  The  artificial  light: dark  cycles  used  here  corresponded  to  the 
photoperiods  of  the  summer  and  winter  solstices  at  Flat  Rock  Point,  14L:10D 
and  10L:14D  respectively.  Sea  water  in  the  tanks  was  obtained  from  a  general 
40.000  liter  sea  water  system,  which  continuously  cooled,  filtered,  and  aerated  the 
water.  Additional  aeration  was  provided  by  two  air  stones  in  each  tank.  Fresh, 
brown  algae  (Egrcyia  sp.)  was  given  weekly  as  food  for  the  sea  urchins. 

Animals  were  considered  reproductively  active  if  mature  gametes,  discernible 
with  the  unaided  eye,  oozed  from  the  severed  gonads  (Cochran  and  Engelmann, 
1972).  Reproductiviely  active  and  inactive  sea  urchins  were  exposed  to  either 
long-  or  short-day  photoperiods  for  up  to  90  days.  Animals  used  in  each  experi- 
ment were  collected  not  earlier  than  two  days  prior  to  the  initiation  of  an  experi- 
ment. At  the  end  of  all  experiments,  sea  urchins  were  cut  open  to  ascertain  their 
reproductive  condition.  Animals  taken  from  the  ocean  at  the  time  these  experi- 
ments were  terminated  were  used  for  comparison. 

For  the  temperature  experiments,  the  water  temperature  in  one  tank  was  modi- 
fied by  a  Lauda  thermostat  refrigeration  and  pump  unit.  Low  temperature 
(13°  C)  was  maintained  for  up  to  90  days,  and  high  temperature  (19°  C)  for 
30  days.  These  temperatures  approximate  the  minimum  and  maximum  ocean 
temperatures  encountered  by  the  subtidal  sea  urchin  population  at  Flat  Rock 
Point.  The  temperature  of  the  water  of  the  second  tank  in  the  same  tier  was  that 
of  the  general  sea  water  system  (average  14°  C).  Animals  were  sampled  from 
time  to  time  to  ascertain  their  reproductive  condition. 

RESULTS 
Photoperiod 

In  the  first  experiment,  begun  September  19,  1970,  30  reproductively  inactive 
animals  were  placed  in  each  of  the  four  tanks.  The  photoperiod  of  the  top  tier 
was  10L:14D,  and  that  of  the  bottom  tier  was  14L:10D.  The  experiment  was 
terminated  six  weeks  later  on  November  1,  1970.  A  subsequent  experiment  was 
begun  November  8,  1970  with  50  animals  (27r/c  reproductively  active)  per  tank 
under  the  same  photoperiod  regimes.  This  experiment  was  terminated  13  weeks 
later  on  February  14,  1971.  The  water  temperature  during  these  and  following 
photoperiod  experiments  averaged  13°  C,  with  a  range  from  12  to  14.5°  C.  As  is 
seen  (Table  I),  neither  long-  (14L:10D)  nor  short-day  (10L:14D)  photoperiods 
affected  the  onset  of  reproductive  activity,  either  accelerating  or  inhibiting  the 
appearance  of  spawnable  gametes.  In  none  of  the  experimental  series  was  the 
reproductive  activity  significantly  different  from  that  of  the  subtidal  field  popula- 
tions. A  marginally  significant  difference  was,  however,  found  between  the  long- 
and  short-day  photoperiod  populations  in  the  experiments  ending  November  1, 
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TABLE  I 

The  effect  of  long-  and  short-day  photoperiod  on  onset  or  termination  of  spawning 

capability.  Comparison  between  the  two  laboratory  populations  (P),  and 

between  laboratory  and  field  populations  (P')(Chi  square). 


Duration  of 

Laborator 

y  animals 

Ocean  ; 

tnimals 

(weeks) 

Active/total 

P 

Active/total 

P' 

10L:14D 

6 

17/46 

<40% 

<2.5% 

8/30 

14L:10D 

6 

5/35 

<30% 

10L.-14D 

13 

73/76 

<50% 

<20% 

20/20 

14L:10D 

13 

57/63 

<20% 

1970.      No   difference  was   found   between   the   long-   and   short-day   photoperiod 
populations  of  the  second  experiment  ending  February  14,  1971. 

A  second  series  of  experiments  was  begun  on  July  14,  1971,  when  the  animals 
were  in  their  early  reproductively  inactive  phase  (Cochran  and  Engelmann,  1972). 
Fifty  sea  urchins  were  placed  in  each  of  the  four  tanks,  and  the  photoperiods  of 
the  two  tiers  were  left  the  same  as  in  the  previous  experiments.  Animals  from 
the  top  tier  (10L:14D)  were  sacrificed  10  weeks  later  (October  1,  1971).  The 
proportion  of  reproductively  active  animals  in  these  short-day  populations  was  not 
significantly  different  from  that  of  the  field  population  (Table  II).  Obviously 
the  10  weeks  of  short-day  treatment  did  not  induce  early  reproductive  activity. 
New  animals  from  the  field  were  placed  in  the  top  tier  (50  per  tank)  at  this  time, 
and  the  photoperiod  was  changed  to  14L:10D,  the  same  as  the  bottom  tier.  All 
sea  urchins  from  the  four  tanks  were  then  sacrificed  on  December  12,  1971.  The 
reproductive  activity  of  animals  kept  for  only  10  weeks  under  long-day  photo- 
period  was  not  significantly  different  from  that  of  animals  kept  for  20  weeks  under 


TABLE  II 

Effects  of  extended  long-  and  short-day  photoperiods  on  the  reproductive  activity  of  the  purple  sea 

urchin.  P  values  (chi  square)  are  obtained  for  a  comparison  between 

the  laboratory  and  ocean  populations. 


Photoperiod 

Duration  of  experi- 
ment 
(weeks) 

Laboratory  animals 
Active/total 

Ocean  animals  at 
termination 
Active  total 

P 

10L:14D 

10 

3/21 

<10% 

0/20 

10L:14D 

10 

4/28 

<10% 

14L:10D 

10 

32/36 

<20% 

14L:10D 

10 

34/38 

<20% 

20/20 

14L:10D 

20 

20/21 

<50% 

14L:10D 

20 

21/23 

<20% 
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FIGURE  1.     Annual    reproductive  cycle  of   5.   pnrpunttHs,  as   measured   by    the   percentage 

of  animals  that  released  gametes  when  cut  open   (dotted  curve)    superimposed  on  the  seasonal 

variation  in  ocean  temperature   (solid  line)  at  the  same  location.     Suhtidal  ocean  temperatures 
were  taken  on  the  dates  of  collection. 


similar  conditions.  The  reproductive  activity  of  the  two  laboratory  populations 
did  not  differ  from  that  of  the  field  population.  Thus  long-day  photoperiod 
(T4L:10D)  did  not  inhibit  the  onset  of  reproductive  activity.  It  should  be  men- 
tioned here  that  the  water  temperature  (13°  C)  in  the  holding  tanks  was  mark- 
edly lower  than  that  in  the  field  throughout  most  of  this  period  (Figure  1). 

Temperature 

It  became  apparent  during  these  studies  that  the  annual  reproductive  cycle  of 
S.  [>nrf>nratus  from  Palos  Verdes  is  inversely  correlated  with  the  annual  fluctuation 
of  ocean  temperature  at  the  same  location  (Figure  1  ).  A  rise  of  water  tempera- 
ture above  17°  C  coincides  with  the  loss  of  the  ability  to  spawn.  A  series  of 
experiments  were  thus  undertaken  in  order  to  ascertain  whether  temperature  is 
indeed  the  environmental  cue  for  the  regulation  of  the  reproductive  season  of  this 
population. 

In  an  experiment  begun  May  1,  1972,  almost  all  animals  maintained  at  13°  C 
(the  normal  winter  temperature)  and  a  photoperiod  of  14L:10D  remained  repro- 
ductively  active  for  nearly  two  months  beyond  the  date  (late  June)  when  animals 
in  the  field  had  become  reproductively  inactive  (Table  III).  During  this  experi- 
ment, for  a  period  of  10  days  in  late  July,  the  temperature  of  the  general  sea  water 
system  accidently  rose  to  17.5°  C,  while  that  of  the  regulated  tank  reached  16.5°  C. 
Prior  to,  and  after  this  period,  the  temperature  of  the  general  sea  water  system 
averaged  14.5°  C  (13.5°  to  15°  C)  and  that  of  the  regulated  tank  13°  C  (12.5° 
to  13.5°  C).  Before  this  short  term  rise  in  temperature,  there  had  been  no  sig- 
nificant difference  between  the  proportions  of  reproductively  active  animals  in  the 
two  laboratory  populations.  The  proportion  of  reproductively  active  animals  in 
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TABLE  III 

Effects  vf  low  temperature  on  reproductive  activity  in  S.  purpuratus. 


Experimental  tanks 

Sea  water  system 

Ocean 

Elapsed 
time 

Sea 

Sea 

Sea 

(weeks) 

Temp. 

urchins 

„ 

Temp. 

urchins 

Temp. 

urchins 

(°  C) 

Active/ 

'° 

(°  C) 

Active/ 

/o 

(°  C) 

Active/ 

/o 

total 

total 

total 

At  initiation 

0 

13 

15 

13.9 

30/30 

100 

First  sampling 

7 

13 

9/10 

90 

14 

10/10 

100 

17.8 

2/20 

10 

Second  sampling 

10 

13.5 

9/10 

90 

14 

8/10 

80 

18.9 

2/20 

10 

Third  sampling 

12 

16.5* 

10/10 

100 

17.5* 

5/10 

50 

20.5 

0/20 

0 

Fourth  sampling 

14 

12.5 

13/14 

93 

14 

6/17 

33 

20.5 

0/20 

0 

*  For  a  period  of  10  days  in  late  July  the  temperature  of  the  general  sea  water  system  reached 

17.5°  C,  while  that  of  the  experimental  tanks  was  16.5°  C. 

both  of  these  laboratory  populations  was  significantly  different  from  that  of  the 
ocean  population  (P  <  0.5%).  The  rise  in  temperature  to  17.5°  C  caused  a  sig- 
nificant (P  <  1%)  reduction  in  the  proportion  of  reproductively  active  animals 
compared  to  the  other  laboratory  animals  at  16.5°  C.  This  difference  in  repro- 
ductive activity  between  the  two  laboratory  populations  was  even  more  significant 
(P  <  0.5%)  at  the  time  the  experiment  was  terminated.  These  results  indeed 
suggest  that  reproductive  activity  in  this  species  of  sea  urchin  is  turned  off  by  an 
elevated  temperature. 

In  a  further  effort  to  test  the  hypothesis  that  warm  temperature  terminates 
reproductive  activity,  50  animals  were  placed  in  each  of  two  adjacent  tanks  (water 
temperature  12.5°  C)  during  the  height  of  the  reproductive  season  (February  11, 
1973).  In  the  course  of  11  days  the  water  temperature  in  one  tank  was  raised 
to  19°  C.  Three  weeks  later,  nearly  all  surviving  animals  had  either  spawned  or 
resorbed  their  gametes  (Table  IV).  During  this  entire  period  the  animals  were 
kept  in  short-day  photoperiod  (10L:14D). 

The  converse  experiment,  i.e.,  induction  of  reproductive  activity  by  cool  water 
temperature,  was  started  on  September  15,  1972  with  50  animals  in  each  tank. 
After  eight  weeks  of  low  temperature  (13°  C),  the  proportion  of  reproductively 
active  animals  in  either  tank  was  not  significantly  different  from  that  of  the  field 
population  (Table  V).  Also,  an  experiment  started  in  July  of  1970  to  test  the 
effects  of  short-day  photoperiod  was  performed  at  13°  C  for  10  weeks  (Table  II). 

TABLE  IV 
Reproductive  activity  of  S.  purpuratus  as  affected  by  elevated  temperature. 


Experimental  tanks 

Sea  water  system 

Ocean 

Temp. 
(°C) 

Sea  urchins 
Active/total 

% 

Temp. 
(°C) 

Sea  urchins 
Active/total 

% 

Temp. 
(°C) 

Sea  urchins 
Active/total 

% 

At  initiation 
At  termination 

17 
19 

1/20 

5 

12.5 
12.5 

42/43 

98 

13.3 
13.3 

20/20 
40/40 

100 
100 
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TABLE  V 

Effect  of  reduced  ten/pcntture  on  inducing  reproductive  activity  in  S.  purpuratus 

during  the  late  inactive  season. 


Elapsed 
time 
(weeks) 

Experimental  tanks 

Sea  water  system 

Ocean 

Temp. 

Sea 
urchins 
Active/ 
total 

* 

Temp. 

Sea 
urchins 
Active/ 
total 

% 

Temp. 

Sea 
urchins 
Active/ 
total 

, 

At  initiation 
First  sampling 
Second  sampling 

0 

7 
8 

13 
12.5 

13.5 

0/20 

2/20 

0 

10 

14 
14 
15 

0/20 
3/20 

0 
15 

20.5 
16.1 
15.1 

0/20 
3/20 
5/20 

0 
15 
25 

Here  too,  the  proportion  of  reproductively  active  animals  was  not  significantly 
different  from  that  of  the  field  population.  Thus,  under  these  experimental  lab- 
oratory conditions,  the  onset  of  spawning  capability  was  not  hastened. 

Observations  made  in  the  field  study  area  during  1973  tend  to  support  the 
concept  of  temperature-regulated  reproductive  activity  in  S.  purpuratus.  Animals 
collected  during  March  and  April  of  1973  were  reproductively  inactive  (an  un- 
usual phenomenon  for  this  season )  and  the  gonads  had  the  spent  appearance  nor- 
mally observed  at  the  end  of  the  reproductive  season.  However,  subsequent  to 
May  11,  all  of  the  sea  urchins  collected  had  copious  amounts  of  gametes.  This 
renewal  of  reproductive  activity,  following  a  "spawn  out"  (possibly  caused  by 
low-salinity  shock  or  turbulence  from  an  unusually  high  number  of  rain  storms 
passing  through  the  area)  occurred  while  the  field  population  of  sea  urchins  was 
still  experiencing  low  temperatures.  Even  through  the  summer  months  of  1973, 
10%  of  the  sea  urchin  population  retained  spawning  capability,  which  correlated 
with  an  unusually  cold  summer  ocean  temperature. 

DISCUSSION 

The  designation,  reproductive  season,  breeding  season,  or  reproductive  period 
is  generally  based  on  the  gonad  index,  presence  of  numerous  mature  gametes,  or 
size-  and  stage-frequency  analysis  of  oocytes  in  6".  pnrpuratus  (Boolootian,  1966). 
Each  of  these  methods,  however  useful,  has  limitations  (Conor,  1972,  1973a;  Giese 
and  Pearse,  1974).  The  first  appearance  of  numerous  mature  gametes,  coupled 
with  a  high  gonad  index,  signals  the  onset  of  the  reproductive  season.  The  actual 
frequency  of  spawning  by  S.  purpuratus  field  populations  during  this  period  is 
unknown.  Studies  on  gametogenesis  reveal  a  continuous  maturation  of  gametes 
during  the  reproductive  season  which  makes  possible  several  spawning  events 
(Holland  and  Giese,  1965;  Chatlynne,  1969).  The  spawned  out  appearance, 
which  marks  the  end  of  the  reproductive  season,  is  caused  by  released  or  resorbed 
gametes  not  being  completely  replaced  by  new  ones  (Chatlynne,  1969;  Conor, 
1973a,  1973b). 

As  many  observations  suggest  (Bennett  and  Giese,  1955;  Boolootian,  1966; 
Conor,  1973a),  the  reproductive  season  of  5\  purpuratus  is  probably  controlled 
by  environmental  factors.  Figure  1  illustrates  the  annual  reproductive  cycle  for 
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1970  in  the  Palos  Vercles  subtidal  population.  A  drop  in  spawning  capability 
occurs  around  the  summer  solstice,  while  full  reproductive  activity  is  achieved  a 
couple  of  weeks  before  the  winter  solstice.  This  seemingly  agrees  with  the  hy- 
pothesis that  reproductive  activity  of  6".  pnrpuratus  is  affected  by  changing  photo- 
periods  (Boolootian,  1963).  However,  the  main  body  of  data  given  in  this  paper 
(Tables  I,  II)  indicates  that  short-day  photoperiod  (10L:14D)  does  not  induce 
the  onset  of  reproductive  activity.  Only  14%  of  the  animals  in  populations  kept 
under  short-day  photoperiod  (10L:14D)  for  10  weeks  during  the  summer  became 
reproductively  active,  and  this  was  not  significantly  different  from  the  reproductive 
activity  of  the  ocean  population  (Table  II).  One  might  expect  a  much  greater 
proportion  of  reproductively  active  animals  since  the  maturation  and  growth  of 
ova  from  primary  oocytes  can  be  completed  in  approximately  this  time  (Pearse, 
Clark,  Leighton,  Mitchell,  and  North,  1970),  and  the  maturation  of  sperm  under 
short-day  photoperiod  (6L:18D)  takes  only  three  weeks  (Boolootian,  1963). 
Conversely,  the  reproductive  activity  of  animals  kept  under  long-day  photoperiod 
(14L:10D)  from  July  19  until  December  12,  1971  (the  beginning  of  the  natural 
reproductive  season)  was  not  significantly  different  from  the  subtidal  population. 
Thus  the  onset  of  reproductive  activity  was  not  retarded  by  the  lack  of  short-day 
photoperiod.  The  marginally  significant  difference  (P  <  2.S%)  in  the  proportion 
of  reproductively  active  animals  between  two  experimental  populations  kept  under 
short-  and  long-day  photoperiods  respectively  while  at  13.5°  C  (Table  I)  cannot 
be  overlooked.  The  preponderance  of  evidence,  however,  suggests  that  photo- 
period  has  no  direct  influence  on  initiation  or  termination  of  reproductive  activity. 
The  annual  oscillation  in  ocean  temperature  has  been  suggested  as  a  possible 
cue  for  synchronizing  an  endogenous  reproductive  rhythm  in  S.  purpuratus  (Ben- 
nett and  Giese,  1955;  Chatlynne,  1969).  In  Figure  1,  ocean  temperature  and 
reproductive  activity  of  .V.  pnrpnratns  during  1970  are  superimposed.  In  the 
laboratory,  reproductive  activity  could  be  maintained  by  low  temperature  (13°  C) 
(Table  III),  and  terminated  by  warm  temperature  (19°  C)  (Table  IV).  These 
findings  are  in  agreement  with  the  results  obtained  by  Dr.  John  Pearse  on  the 
same  species  (personal  communication).  He  has  demonstrated  that  sea  urchins 
kept  for  one  month  at  7°  C  or  14°  C  retained  copious  gametes  in  the  gonads, 
while  those  at  21°  C  resorbed  most  of  their  gametes.  Thus,  there  is  substantial 
evidence  that  the  reproductive  season  of  6\  purpiiratiis  is  terminated  by  increased 
temperature. 

The  untimely  loss  of  reproductive  activity  during  March  and  April  of  1973 
(possibly  caused  by  low-salinity  shock  or  turbulence  from  an  unusually  high  num- 
ber of  rain  storms  passing  through  the  area)  occurred  while  the  ocean  temperature 
was  less  than  14.5°  C.  Normally  in  the  Palos  Verdes  area,  a  population  "spawn 
out"  does  not  occur  until  mid-June,  accompanied  by  a  rise  in  ocean  temperature 
above  17°  C.  Perhaps  this  rise  in  temperature  induces  spawning  (Giese  and 
Pearse,  1974),  and  does  not  allow  a  continued  gamete  maturation.  During  late 
spring  of  1973,  however,  the  sea  urchins  regained  full  reproductive  activity  within 
a  few  weeks,  an  indication  that  the  absence  of  gametes  was  due  to  frequent  spawn- 
ing and  that  gamete  maturation  had  not  abated.  These  field  observations  thus 
support  the  hypothesis  that  reproductive  activity  is  halted  by  increased  ocean 
temperature. 
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While  the  control  of  the  termination  of  reproductive  activity  has  been  eluci- 
dated in  at  least  one  case,  the  environmental  factor(s)  regulating  the  onset  of 
reproductive  activity  has  yet  to  he  determined.  In  the  laboratory,  neither  short- 
day  photoperiod  (10L:14D)  nor  low  temperature  (13°  C)  accelerated  the  onset 
of  reproductive  activity  in  this  sea  urchin  (Tables  II,  IV).  This  raises  the  pos- 
sibility that  the  control  of  the  onset  of  reproductive  activity  is  more  complex  than 
we  originally  suspected.  For  example,  the  duration  of  the  inactive  period  that 
follows  the  reproductive  season  may  be  a  function  of  the  time  necessary  to  acquire 
sufficient  energy  reserves  to  generate  mature  gametes.  In  support  of  this  hy- 
pothesis one  can  cite  the  northern  intertidal  populations  of  S.  pnrpnratus,  which 
depend  upon  seasonally  varying  amounts  of  algal  drift  (Conor,  1973a).  This 
population  is  reproductively  inactive  longer  than  southern,  subtidal  sea  urchins, 
which  continuously  obtain  their  nutrition  by  grazing  on  algae-encrusted  rocks 
(Pearse,  Clark,  Leighton,  Mitchell,  and  North,  1970;  Leighton,  1971). 

Although  ocean  temperature  plays  a  role  in  the  reproductive  activity  of  a 
Southern  California  subtidal  population  of  6".  f>nrf>iiratits,  it  may  not  be  the  only 
cue  for  other  populations.  Northern,  subtidal  sea  urchins,  not  exposed  to  the 
high  temperatures  of  southern  latitudes,  may  rely  on  a  different  critical  tempera- 
ture. Also,  intertidal  populations,  both  north  and  south,  experience  frequent 
fluctuations  in  temperature,  salinity,  and  food  availability  and  thus  might  be  ex- 
pected to  cue  on  a  more  predictable  environmental  factor,  such  as  photoperiod. 
However,  at  present  no  information  is  available  to  show  that  this  is  indeed  the  case. 

Some  of  the  facilities  used  in  this  study  were  purchased  with  funds  obtained 
through  NSF  Grant  GB  14965  (Engelmann).  We  thank  Drs.  J.  S.  Pearse  and 
J.  T.  Enright  for  valuable  suggestions  and  criticisms  during  the  preparation  of 
the  typescript ;  any  conclusions  drawn  are  entirely  our  own. 

SUMMARY 

1.  The  annual  reproductive  cycle  of  the   Palos  Verdes    (Southern  California) 
subtidal   population  of  S.   piirpnnitns  correlates   with   seasonal   changes   in   ocean 
temperature:  a  rise  of  temperature  above  17°  C   (June)   coincides  with  cessation 
of  gamete  production  and  storage. 

2.  Sea   urchins    maintained    at    low    temperature    (13°    C)    retained    gametes 
nearly  two  months   (as  long  as  they  were  observed)    beyond  the  date  when  the 
field  population  had  "spawned  out." 

3.  At  a  time  when  the  field  population  was  reproductively  active,  the  spawning 
capability  of  a  laboratory  population  was  terminated  by  three  weeks  of  warm  water 
temperature  (19°  C). 

4.  The  spawning  capability  of  animals  kept  at   13°   C  was  not  terminated  by 
long-day  photoperiod   (14L:10D). 

5.  The  onset  of  reproductive  activity   in   animals   started   during  the   summer 
months  could  not  be  accelerated  experimentally  by   10  weeks  of  low  temperature 
(13°  C). 

6.  In  laboratory  animals  maintained  at  13°  C,  the  onset  of  reproductive  activity 
was  neither  enhanced  by  short-day   (10L:14D).  nor  retarded  by  long-day    (14L: 
lODj  photoperiod. 
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KKR-XTS  OF  PHOTOPERIOD  AND  TEMPERATURE  ON  GONADAL 

ACTIVITY  IN  THE  CYPRINID  TELEOST, 

NOTEMIGONUS  CRY  SO  LEU  CAS 

VICTOR  L.  DE  VLAMING 

Dcptirtiiicnt  of  Bi/iloi/y,  Marquette  University,  i\Iih^ankcc,   Jl'isconsin  53233 

Recent  literature  reviews  (de  Vlaming,  1972a,  1974)  indicate  that  there  is 
considerable  variation  among  teleost  fishes  with  regard  to  environmental  control 
of  reproductive  cycling.  Photoperiod  may  exert  the  dominant  regulatory  role  of 
sexual  cycles  in  the  salmonids  and  gasterosteids.  Temperature  appears  to  be  ex- 
tremely important  in  regulating  reproductive  rhythms  in  the  cyprinodqntiform 
fishes. 

Daylength  changes  in  combination  with  various  temperatures  seem  to  be  im- 
portant in  controlling  reproduction  in  the  cyprinid  and  centrarchid  fishes  (cf. 
de  Vlaming,  1972a,  1974).  Champy  (1923)  suggested  that  warm  temperature 
treatment  in  late  autumn  stimulates  the  completion  of  spermatogenesis  in  the 
cyprinid,  Pho.rhiis  lacris;  the  potential  role  of  photoperiod  in  gonadal  maturation 
or  the  possible  seasonal  change  in  response  to  temperature  were  not  discussed.  A 
later  study  ( Bullough,  1939)  with  this  species  indicated  that  high  temperatures 
promote  the  early  phases  of  spermatogenesis  and  oogenesis,  regardless  of  photo- 
period.  Bullough  (1939)  implied  that  long  photoperiods  are  required  for  the 
final  stages  of  gonadal  maturation  in  Pho.vlnus  captured  in  autumn.  In  a  later 
study,  Bullough  (1940)  reported  that  PJio.rinus  maintained  under  natural  tem- 
perature conditions,  but  on  a  short  photoperiod  from  autumn  to  spring  underwent 
gonadal  recrudescence  by  spring.  Although  temperatures  increased  in  nature 
during  this  time,  Bullough  concluded  that,  since  the  short  photoperiod  did  not 
prevent  recrudescence,  this  minnow  has  an  internal  reproductive  rhythm  which 
acts  independently  of  exogenous  factors.  Kawamura  and  Otsuka  (1950)  demon- 
strated that  long  photoperiods  and  warm  temperatures  during  winter  and  spring 
result  in  sexual  maturation  in  female  goldfish,  Carassins  aiiratns.  No  attempt 
was  made  to  determine  the  relative  importance  of  these  two  environmental  factors, 
or  if  there  is  a  seasonal  variation  in  responsiveness  to  photoperiod  and  tempera- 
ture. Fenwick  (1970)  exposed  goldfish  to  various  photoperiods  at  several  dif- 
ferent times  of  the  year.  Long  photoperiods  stimulated  gonadal  maturation  in 
Carassins,  but  only  during  spring.  All  of  Fenwick's  experiments  were  conducted 
at  low  temperatures  so  the  effects  of  warm  temperatures  in  combination  with 
different  photoperiods  are  not  known.  The  data  of  Kawamura  and  Otsuka  (1950) 
indicate,  in  fact,  that  long  photoperiods  can  stimulate  gonadal  maturation  in 
Carassins  during  the  winter  if  temperatures  are  warm. 

The  bridle  shiner,  Notropis  bijrcnafus  (another  cyprinid),  exposed  to  constant 
warm  temperatures  in  autumn  exhibited  sexual  maturation  ahead  of  the  natural 
cycle  if  treated  with  a  long  photoperiod,  but  not  on  a  short  photoperiod  (Harring- 
ton, 1950,  1957).  Since  low  temperature  controls  were  not  included  in  these 
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studies,  no  conclusions  can  be  drawn  as  to  whether  the  effect  of  long  photoperiods 
is  temperature  dependent.  Verghese  (1967)  reported  that  long  photoperiod  treat- 
ment in  autumn  brought  Cirrhhia  rcba,  a  subtropical  cyprinid,  into  spawning  con- 
dition. Verghese  failed  to  mention  the  temperature  conditions  of  the  experiment, 
so  the  importance  of  temperature  and  the  possible  temperature  dependency  of 
photoperiodism  is  not  known.  Possible  seasonal  variation  in  gonadal  responsive- 
ness of  Cirrhina  to  exogenous  factors  was  not  considered  by  Verghese. 

In  another  cyprinid,  the  lake  chub  (Conesius  plniubeus),  low  temperatures 
favor  the  meiotic  phase  (proliferation  of  spermatocytes)  of  spermatogenesis  and 
high  temperatures  promote  spermiation  and  proliferation  of  spermatogonia  (Ahsan, 
1966).  Photoperiod  alone  does  not  stimulate  any  phase  of  spermatogenesis  in 
Coucsius,  but  at  low  temperatures  short  photoperiods  have  a  slight  acceleratory 
effect.  In  this  species  the  meiotic  and  maturational  stages  of  spermatogenesis  can 
be  exogenously  stimulated  only  as  the  normal  spawning  season  approaches.  Al- 
though both  photoperiod  and  temperature  may  be  important  reproductive  regula- 
tory factors  in  the  cyprinid  family,  the  lack  of  adequate  controls  in  many  experi- 
ments with  minnows  prohibit  meaningful  interpretation  or  generalizations.  Fur- 
thermore, the  effects  of  photoperiod  and  temperature  on  gonadal  activity  may 
vary  with  season.  Unfortunately  the  seasonal  aspect  of  exogenous  regulation  of 
teleost  reproductive  cycles  has  not  been  extensively  examined. 

The  intent  of  the  present  investigation  was  to  examine  the  effects  of  various 
photoperiod-temperature  regimes  on  gonadal  activity  in  the  cyprinid,  Notcmigonns 
crysolcucas,  during  several  different  phases  of  the  annual  reproductive  cycle. 

MATERIALS  AND  METHODS 

Samples  of  Notoiiigoinis  crysolcucas  were  collected  in  ponds  around  the  area  of 
Menomonee  Falls,  Wisconsin  (43°10'N)  at  several  different  times  during  the  year 
and  thus  in  different  phases  of  the  reproductive  cycle.  The  reproductive  cycle  of  this 
population  of  Notcmigonus  consists  of  a  spawning  season  which  extends  from  May 
through  July.  There  is  a  postspawning  season  during  August  and  September 
in  which  the  gonads  of  this  species  are  regressed.  From  October  through  Feb- 
ruary there  is  a  gonadal  preparatory  period,  in  which  spermatogonia  proliferate 
slowly  and  spermatocytes  appear  in  the  testes.  Vitellogenesis  is  initiated  during 
this  period.  March  and  April  can  be  referred  to  as  the  prespawning  period ; 
during  this  time  final  gonadal  maturation  occurs  (i.e.,  spermatozoa  fill  the  testes 
and  ovaries  are  distended  with  mature  oocytes).  Several  fish  from  each  nature 
sample  were  sacrificed  and  the  gonads  examined  at  the  time  of  collection ;  these 
fish  served  as  a  reference  for  the  experiments  that  followed.  In  the  following  dis- 
cussion the  fish  sacrificed  at  the  time  of  collection  will  be  identified  as  initial 
controls. 

Experimental  fish  were  maintained  under  various  photoperiod  and  constant 
temperature  regimes  (see  results)  in  114  or  285  liter  tanks  supplied  with  aerated 
and  filtered  dechlorinated  tap  water.  Temperatures  selected  for  these  experiments 
are  within  the  range  normally  experienced  during  the  year  in  nature  by  this  species. 
Illumination  was  a  combination  of  incandescent  and  cool  white  fluorescent  bulbs 
which  gave  a  light  intensity  of  200  to  300  lux  at  the  surface  of  each  tank.  Fish 
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were  fed  once  a  day  ail  libitum  on  a  commercial  fish  food  (Tetra-Min).  All 
specimens  of  Notemigonus  used  in  these  studies  weighed  between  12  and  17  grams. 
The  effects  of  the  photoperiod-temperature  regimes  on  reproductive  function 
were  assessed  by  gravimetric  and  histological  techniques.  Fish  were  sacrificed  by 
severing  the  spinal  cord.  Body  weight  and  gonadal  weight  were  recorded  imme- 
diately after  sacrifice.  Gravimetric  data  are  expressed  in  terms  of  the  gonosomatic 
index  (gonadal  weight/body  weight  X  100)  since  gonadal  size  in  this  species 
depends  on  body  weight.  After  weighing,  gonads  were  fixed  in  Bouin's  solution 
and  embedded  in  paraplast  for  histological  examination.  Spermatogenesis  and 
oogenesis  were  each  separated  into  seven  and  six  recognizable  phases  respectively 
(Table  I)  to  facilitate  quantitative  evaluation  of  gametogenic  activity.  Stage  IV 
(active  vitellogenic  phase)  of  the  oogenesis  categories  refers  to  ovaries  in  which 
yolky  oocytes  with  a  diameter  of  125  to  620  p.  predominate.  Since  Stage  IV  en- 
compasses such  a  large  size  range  of  yolky  oocytes  a  system  has  been  adopted 
to  better  differentiate  ovaries  in  this  phase  of  maturation.  The  diameter  of  the 
25  largest  yolky  oocytes  in  ovaries  categorized  in  Stage  IV  were  measured.  A 
mean  nocyte  diameter  was  then  determined  for  the  ovaries  of  each  fish  in  Stage  IV. 

TABLE   I 
Criteria  used  for  evaluating  gametogenic  activity  in  the  gonads  of  Notemigonus. 

Stage  Histological  characteristics  of  testes 

0  "Regressing  testis."     Seminiferous  lobules  characterized  by  large  numbers  of  pynotic 
nests  of  degenerating  cells.     Germinal  epithelium  disorganized. 

1  "Quiescent  testis."     Germinal  epithelium  consists  of  a  few  primary  spennatogonia  only. 
Seminiferous  lobules  small  in  diameter.      Lumen  of  the  lobules  contain  only  few  residual 
spermatozoa. 

2  "Mitotic  phase."     Similar  to  Stage  1  except  spennatogonia  are  more  numerous  and 
mitotic  figures  are  observed  in  many  spennatogonia. 

3  "Meiotic  phase."     Germinal  epithelium  consists  of  spennatogonia  and  spermatocytes. 
Testicular  lobules  larger  than  in  Stages  1  and  2. 

4  "Spermiogenic  phase."     Similar  to  Stage  3  except  spermatids  appear  in  germinal  epithe- 
lium and  some  spermatozoa  present  in  lumen  of  lobules. 

5  "Prespawning  testis."     Seminiferous  lobules  very  large  and  distended  with  sperm. 

6  "Postspawning  testis."     Seminiferous   lobules  small   and   devoid   of   most  germ   cells. 
Sperm  duct  expanded  and  containing  residual  sperm. 

Stage  Historical  characteristics  of  ovaries 

I  "Regressing  ovary."     Atretic  follicles  predominate  in  the  ovary. 

I 1  "Oogonial  proliferation  phase."     Ovary  characterized  by  nonyolky  oocytes.     Granulosa 
not  fully  organized  around  developing  oocytes. 

I 1 1  "Early  vitellogenic  phase."     Oocytes  with  yolk  vesicles  present  only  in  the  periphery  of 
ooplasm ;  diameter  70  to  125  p.. 

IV  "Phase  of  active  vitellogenesis."     Yolk  vesicles  appear  throughout  ooplasm;  diameter 
125  to  620  M. 

V  "Prespawning  ovary."     Ovary  charcterized  by  oocytes  with  a  diameter  (A  greater  than 
620  M. 

VI  "Postspawning  ovary."      The  ovary  appears  red  in  color.     The  tunica  albuginea  thick, 
highly   vascularized  and   folded.      Post-ovulatory   follicles   predominate   in   the  ovary. 
Ovarian  stroma  appears  disorganized,  yet  highly  vascularized. 
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FIGURE  1.  The  effects  of  various  photoperiod-temperature  regimes  on  GSI  in  Note- 
migonus  during  the  gonadal  preparatory  period.  Initial  controls  refer  to  animals  sacrificed 
at  the  time  of  collection.  Histograms  represent  mean  GSI;  the  mean  is  bracketed  by  one 
standard  error.  Testicular  GSIs  are  shown  by  open  histograms  and  ovarian  GSIs  by  hatched 
histograms. 

The  mean  yolky  oocyte  diameters  from  individual  fish  were  averaged  to  obtain  a 
mean  and  standard  error  for  different  experimental  groups. 


RESULTS 
Preparatory  season 

The  effects  of  various  photoperiod-temperature  regimes  on  gonadal  activity 
in  specimens  of  Notemigonus  were  first  examined  during  January  (late  gonadal 
preparatory  period).  Fish  were  exposed  for  36  days  to  a  15.5L/8.5D  or  9L/15D 
photoperiod  at  either  25°  or  12°  C. 

Testicular  and  ovarian  GSIs  increased  significantly  (P  <  0.01)  in  fish  main- 
tained on  the  15.5L/8.5D — 25°  C  regime  compared  to  the  initial  controls  (Fig.  1). 
The  testes  of  all-  initial  controls  were  in  the  meiotic  phase  (Stage  3)  of  spermato- 
genesis  (Table  II).  All  male  fish  exposed  to  the  long  photoperiod-warm  tempera- 
ture regime  advanced  to  the  prespawning  condition  (Stage  5).  Ovaries  of  the 
initial  controls  in  January  \vere  in  Stage  III  or  IV  (Table  II).  Three  of  the 
eight  female  fish  maintained  on  the  15.5L/8.5D — 25°  C  advanced  to  the  pre- 
spawning condition  (Stage  V);  the  ovaries  of  the  remaining  fish  in  this  group 
were  in  Stage  IV  (Table  II).  Stage  IV  oocytes  in  the  ovaries  of  fish  exposed  to 
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TABLE  1 1 

Effects  of  -carious  photoperiod  and  temperature  regimes  on  gonadal  a.tii'ity  in  Notemigonus  during 

the  preparatory  period — 36  day  treatment  (figures  in  this  table  refer  to  the  number 

of  fish  in  each  group  with  gonads  in  a  specific  maturational  stage). 


Maturation  stage  of  testes* 

T 

i  iCcitrnciit 

0 

i 

2 

3 

4 

5 

6 

Initial  controls 

0 

0 

0 

5 

0 

0 

0 

(January) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

0 

0 

6 

0 

12°  C 

0 

0 

0 

6 

0 

0 

0 

9L/15D  Photoperiod 

25°  C 

3 

0 

2 

0 

0 

0 

0 

12°  C 

2 

0 

4 

0 

0 

0 

0 

Maturation  stage  of  ovaries* 

I 

II 

III 

IV 

V 

VI 

Initial  controls 

0 

0 

6 

3(422  ±  16)a 

0 

0 

(January) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

5(534  ±  23)a 

3 

0 

12°  C 

5 

0 

2 

3(500  ±  13)a 

0 

0 

9L/15D  Photoperiod 

25°  C 

5 

3 

0 

0 

0 

0 

12°  C 

0 

0 

4 

6(431  ±  14)a 

0 

0 

*  See  Table  I. 

a  Mean  diameter  (±S.E.)  in  microns  of  25  largest  oocytes  in  each  ovary. 

the  long  photoperiod- warm  temperature  regime  were  significantly  (P  <  0.05) 
larger  than  in  ovaries  of  the  initial  controls.  These  data  indicate  that  a  long 
photoperiod  in  combination  with  warm  temperatures  can  promote  final  gonadal 
maturation  in  Notemigonus  during  the  preparatory  period. 

Ovarian  GSI  in  fish  exposed  to  a  long  photoperiod  at  12°  C  during  the  pre- 
paratory period  did  not  differ  significantly  from  the  GSI  of  initial  controls  (Fig. 
1).  The  ovaries  of  fish  maintained  on  the  15.5L/8.5D — 12°  C  regime  were  in 
Stages  I,  III  or  IV  (Table  II).  Under  these  conditions  testicular  GSI  increased 
significantly  (P  <  0.05)  compared  to  the  initial  controls  (Fig.  1).  Testicular 
GSI  in  fish  exposed  to  the  15.5L/8.5D  photoperiod  was  significantly  (P  <  0.05) 
lower  in  the  group  at  12°  C  than  in  the  group  at  25°  C.  The  testes  of  all  fish 
exposed  to  the  15.5L/8.5D — 12°  C  regime  were  in  Stage  3  (Table  II).  There- 
fore, long  photoperiod  alone  will  not  promote  final  gonadal  maturation  in  No- 
teniigoinis  during  the  preparatory  period. 

Ovarian  and  testicular  GSIs  decreased  significantly  (P  <  0.05 )  in  animals 
maintained  on  the  9L/15D — 25°  C  regime  compared  to  the  initial  controls  (Fig. 
1  ) .  Three  of  the  male  fish  exposed  to  this  regime  were  undergoing  testicular 
regression  (Stage  0)  and  the  testes  of  the  other  two  fish  in  this  group  were  in 
Stage  2  (Table  II).  The  ovaries  of  fish  maintained  on  the  9L/15D — 25°  C  regime 
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were  regressing  (Stage  I)  or  in  Stage  II  (Table  II).  Thus,  warm  temperature 
alone  will  not  promote  final  gonadal  maturation  in  Notemigonus  during  the  pre- 
paratory period. 

Neither  ovarian  nor  testicular  GSI  of  fish  exposed  to  the  9L/15D — 12°  C 
regime  differed  significantly  from  the  GSIs  of  the  initial  January  controls  (Fig. 
1).  Histological  examination  of  the  gonads  of  the  animals  maintained  on  this 
regime  showed  that  they  were  in  essentially  the  same  phases  of  maturation  as  the 
gonads  of  the  initial  controls  (Table  II). 

Earl\<  prespawning  season 

Specimens  of  Notemigonus  collected  in  early  March  were  exposed  for  21  days 
to  the  four  photoperiod-temperature  regimes  mentioned  above. 

Ovarian  and  testicular  GSIs  of  fish  maintained  on  the  15.5L/8.5D — 25°  C 
regime  were  significantly  (P  <  0.05)  lower  than  those  of  the  initial  controls  (Fig. 
2).  The  testes  of  all  of  the  initial  controls  were  in  Stage  3  (Table  III).  Two 
male  fish  exposed  to  the  long  photoperiod-warm  temperature  regime  spawned ; 
the  testes  of  other  males  in  this  group  were  in  Stage  3,  4  or  5.  Possibly  the  two 
fish  of  this  experimental  group  in  Stage  3  spawned  and  reinitiated  spermatogenesis. 
Female  fish  in  the  initial  March  controls  were  all  characterized  by  ovaries  in  the 
vitellogenic  Stage  IV  (Table  III).  Four  of  the  eight  female  fish  maintained  on 
the  15.5L/8.5D — 25°  C  regime  spawned.  The  relatively  low  gonadal  weights  in 
animals  maintained  on  the  long  photoperiod-warm  temperature  regime  were  un- 
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FIGURE  2.  The  effects  of  various  photoperiod-temperature  regimes  on  GSI  in  Notemigonus 
during  the  prespawning  period.  Initial  controls  refer  to  animals  sacrificed  at  the  time  of 
collection.  Histograms  represent  mean  GSI;  the  mean  is  bracketed  by  one  standard  error. 
Testicular  GSIs  are  shown  by  open  histograms  and  ovarian  GSIs  by  hatched  histograms. 
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TABU-:   III 

of  various  photoperiod  and  temperature  regimes  on  gonadal  activity  in  Notemigonus  during 
the  prespawning  period — 21  day  treatment  (figures  in  this  table  refer  to  the  number 
of  fish  in  each  group  with  gonads  in  a  specific  maturational  stage). 


Maturation  stage  of  testes* 

T 

L  rcstmcut 

(i 

i 

2 

3 

4 

5 

6 

Initial  controls 

0 

0 

0 

5 

0 

0 

0 

(March) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

2 

1 

1 

2 

12°  C 

4 

0 

0 

2 

0 

0 

0 

9L/15D  Photoperiod 

25°  C 

8 

0 

0 

0 

0 

0 

0 

12°C 

0 

0 

0 

5 

0 

0 

0 

Maturation  stage  of  ovaries* 

I 

II 

III 

IV 

V 

VI 

Initial  controls 

0 

0 

0 

9(388  ±  16)" 

0 

0 

(March) 

1S.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

2(531  ±  11)" 

2 

4 

12°C 

0 

0 

1 

6(443  ±  27)" 

0 

0 

9L/15D  Photoperiod 

25°  C 

3 

0 

3 

0 

0 

0 

12°  C 

0 

0 

0 

5(418  ±  24)" 

0 

0 

*  See  Table  I. 

a  Mean  diameter  (±S.E.)  in  microns  of  25  largest  oocytes  in  each  ovary. 

cloubtedly  due  to  spawning  of  some  individuals  in  this  group.  These  data  further 
confirm  that  in  combination  with  warm  temperatures,  long  photoperiods  stimulate 
final  gonadal  maturation  and  spawning  in  Notemigonus. 

The  15.5L/8.5D — 12°  C  regime  did  not  cause  significant  changes  in  ovarian 
or  testicular  weights  during  the  early  prespawning  period  (Fig.  2).  The  testes 
of  four  of  six  fish  maintained  under  these  conditions  regressed  (Table  III). 
Ovaries  of  a  majority  of  the  fish  exposed  to  the  15.5L/8.5D — 12°  C  regime  were 
in  Stage  IV,  as  were  those  of  the  initial  controls.  Stage  IV  oocytes  were,  how- 
ever, significantly  (P  <  0.05 )  larger  in  the  experimental  fish  than  in  the  initial 
controls  (Table  III  ). 

Ovarian  GSI  was  significantly  (P  <  0.01  )  lower  in  females  maintained  on  the 
9L/15D — 25°  regime  than  in  initial  controls  (Fig.  2).  Furthermore,  the  fish 
in  this  group  were  characterized  by  regressing  ovaries  (Stage  I)  or  ovaries  in 
Stage  III  (Table  III).  GSIs  in  male  fish  exposed  to  the  short  photoperiod- 
warm  temperature  regime  and  in  initial  controls  were  not  significantly  different 
(Fig.  2).  Nonetheless,  testicular  regression  (Stage  0)  was  occurring  in  all  ani- 
mals maintained  on  this  regime  (Table  III). 

GSIs  of  female  fish  acclimated  to  the  9L/15D— 12°  C  regime  and  of  initial 
controls  did  not  differ  significantly  (Fig.  2).  Moreover,  ovarian  activity  in  these 
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two  groups  did  not  differ  appreciably  as  determined  by  histological  examination 
(Table  III).  In  specimens  of  Notcniii/onus  exposed  to  the  short  photoperiod-low 
temperature  regime  testicular  GSI  was  significantly  (P<0.01)  lower  than  in 
initial  controls  (Fig.  2).  The  testes  of  all  fish  in  9L/15D — 12°  C  experimental 
group  and  in  the  initial  control  group  were  in  Stage  3  ;  the  lower  testicular  weights 
in  the  experimental  group  indicate  that  spermatogenic  activity  is  in  part  suppressed 
by  these  conditions. 

Earl\  spawning  season 

The  effects  of  various  photoperiod-temperature  regimes  on  gonadal  activity 
were  again  examined  in  Notemigonus  collected  in  late  April  (early  spawning 
season).  Animals  were  exposed  for  21  days  to  a  15.5L/8.5D  or  9L/15D  photo- 
period  at  either  25°  or  15°  C. 

Ovarian  and  testicular  GSIs  did  not  differ  significantly  in  the  group  main- 
tained on  the  15.5L/8.5D — 25°  C  regime  and  in  the  initial  controls  (Fig.  3).  In 
the  initial  controls,  the  testes  of  four  of  six  fish  were  in  the  prespawning  condition, 
whereas  all  fish  exposed  to  the  long  photoperiod-warm  temperature  regime  were 


TABLE  IV 

Effects  of  various  photoperiod  and  temperature  regimes  on  gonadal  activity  in  Notemigonus  during 

the  early  spawning  period — 21  day  treatment  (figures  in  this  table  refer  to  the 

number  of  fish  in  each  group  with  gonads  in  a  specific  maturational  stage). 


Maturation  stage  of  testes* 

Treatment 

0 

1 

2 

3 

4 

5 

6 

Initial  controls 

0 

0 

0 

0 

2 

4 

0 

(Late  April) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

0 

0 

7 

0 

15°  C 

0 

0 

0 

0 

3 

2 

0 

9L/15D  Photoperiod 

25°  C 

0 

0 

0 

1 

4 

0 

0 

15°  C 

0 

0 

0 

0 

6 

0 

0 

Maturation  stage  of  ovaries* 

I 

II 

III 

IV 

V 

VI 

Initial  controls 

0 

0 

0 

2(496)a 

4 

0 

(Late  April) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

0 

4 

3 

15°  C 

0 

0 

0 

3(489  ±  29)" 

3 

0 

9L/15D  Photoperiod 

25°  C 

0 

0 

5 

4(453  ±  17)" 

0 

0 

15°  C 

0 

0 

3 

2(508)a 

0 

0 

*  See  Table  I. 

a  Mean  diameter  (±S.E.)  in  microns  of  25  largest  oocytes  in  each  ovary. 
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EARLY  SPAWNING  PERIOD 
(  21  DAY  TREATMENT 
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FIGURE  3.  The  effects  of  various  photoperiod-temperature  regimes  on  GSI  in  Notciui- 
during  the  early  spawning  season.  Initial  controls  refer  to  animals  sacrificed  at  the 
time  of  collection.  Histograms  represent  mean  GSI ;  the  mean  is  bracketed  by  one  standard 
error.  Testicular  GSIs  are  shown  by  open  histograms  and  ovarian  GSIs  by  hatched  histograms. 


in  the  prespawning  condition  (Table  IV).  Four  of  the  six  female  fish  in  the 
initial  controls  were  also  in  the  prespawning  condition.  Three  of  the  seven  female 
fish  maintained  on  the  15.5L/8.5D — 25°  C  regime  spawned;  the  ovaries  of  the 
remaining  animals  in  this  grotip  were  in  the  prespawning  condition  (Table  IV). 

Testicular.  but  not  ovarian  GSI,  was  significantly  (P  <  0.05)  lower  in  fish 
exposed  to  the  15.5L/S.5D — 15°  C  regime  than  in  initial  controls  (Fig.  3).  His- 
tological  examination  of  the  gonads  of  fish  in  the  long  photoperiod-low  tempera- 
ture group  revealed  that  there  were  no  striking  differences  in  gametogenic  activity 
compared  to  the  initial  controls  (Table  IV). 

Both  testicular  and  ovarian  weights  in  the  9L/15D — 25°  C  experimental  group 
were  significantly  (P  <  0.01 )  lower  than  in  the  initial  controls  (Fig.  3).  The 
(•varies  of  five  of  the  nine  fish  on  the  short  photoperiod-warm  temperature  regime 
were  in  Stage  III  (Table  IV).  The  testes  of  fish  in  this  group  were  in  Stage  3 
or  4  (Table  IV). 

Neither  ovarian  nor  testicular  GSI  in  the  animals  maintained  on  the  9L/15D— 
15°  C  regime  differed  appreciably  from  GSIs  of  initial  controls   (Fig.  3).     How- 
ever, the  ovaries  of  fish  in  the  short  photoperiod-low  temperature  group  were  in 
Stage  III  or  IV  (Table  IV).     The  testes  of  all  fish  exposed  to  this  regime  were 
in  Stage  4. 
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Postspawning  season 

Specimens  of  Notemigonus  collected  during  mid-August  (postspawning  period) 
were  exposed  for  34  days  to  the  photoperiod-temperature  regimes  mentioned  above. 
Table  V  summarizes  the  changes  in  GSIs  of  fish  maintained  on  these  regimes. 

Ovarian  and  testicular  GSIs  increased  significantly  (P  <  0.01  )  in  fish  exposed 
to  the  15.5L/8.5D — 25°  C  regime  compared  to  the  initial  controls  (Table  V). 
The  ovaries  of  a  majority  of  the  initial  controls  were  in  a  quiescent  phase  (Stage 
II),  whereas  those  of  females  on  the  long  photoperiod-warm  temperature  regime 
were  in  Stage  IV  or  V  (Table  VI).  Testes  of  initial  controls  were  in  Stage  1, 
2  or  3 ;  the  15.5L/8.5D— 25°  C  regime  stimulated  the  advancement  of  testicular 
development  to  Stage  4  (Table  VI). 

Testicular,  but  not  ovarian  GSI  also  increased  significantly  (P<0.01)  in 
animals  exposed  to  the  15.5L/8.5D — 15°  C  regime  compared  to  the  initial  controls 
(Table  V).  Testes  of  all  fish  maintained  on  this  regime  were  in  Stage  4,  whereas 
ovaries  were  in  Stage  III  or  IV  (Table  VI). 

GSIs  of  both  male  and  female  Notemigonus  exposed  to  a  short  photoperiod 
(at  25°  and  15°  C)  were  not  significantly  different  from  the  GSIs  of  the  initial 
controls.  Histological  examination  of  the  gonads  of  fish  exposed  to  a  short  photo- 
period  at  either  25°  or  15°  C  revealed  that  gametogenesis  had  not  been  stimu- 
lated under  these  conditions  (Table  VI). 

DISCUSSION 

The  data  presented  here  indicate  that  both  photoperiod  and  temperature  are 
important  factors  in  regulating  sexual  cycling  in  the  cyprinid  teleost,  Notemigonus 
crysoleiicas.  Furthermore,  the  effects  of  various  photoperiod-temperature  regimes 
on  gonadal  activity  in  Notemigonus  appear  to  vary  with  season  (i.e.,  the  gonadal 
condition  of  the  initial  controls).  During  the  preparatory  period,  an  "out-of- 
season"  long  photoperiod-warm  temperature  regime  stimulates  testicular  and 


TABLE  V 

Effects  of  various  photoperiod  and  temperature  regimes  on  GSI  in  Notemigonus 
during  the  postspawning  period — 34  day  treatment. 


Treatment 

Gonosomatic  index 
Gonadal  weight  v  ,, 

Body  weight 

n 

Males  (X  ±  S.E.) 

n 

Females  (X  ±  S.E.) 

Initial  controls 

8 

0.47  ±  0.06 

10 

1.12  ±  0.16 

(mid  August) 
15.5L/8.5D  Photoperiod 

25°  C 

7 

3.00  ±0.21* 

8 

4.51  ±  0.44* 

15°  C 

5 

2.12  ±0.17* 

5 

2.33  ±  0.63 

9L/15D  Photoperiod 
25°  C 

5 

0.42  ±  0.07 

5 

1.32  ±  0.19 

15°C 

4 

0.57  ±0.14 

5 

1.43  ±  0.22 

Significantly  (P  <  0.01)  different  than  in  initial  controls. 
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TABLE  Yl 

/  t'lirioiis  photoperiod  and  temperature  regimes  on  gonadal  activity  in  Notemigonus  during 

the  postspawning  period — 34  day  treatment  (figures  in  this  table  refer  to  the  number 

of  fish  in  each  group  with  gonads  in  a  specific  maturational  stage). 


Maturation  stage  of  testes* 

T       tm 

() 

1 

2 

.? 

4 

5 

6 

Initial  controls 

0 

2 

4 

2 

0 

0 

0 

(mid  August) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

0 

0 

7 

(1 

0 

15°C 

0 

0 

0 

0 

5 

0 

0 

9L/15D  Photoperiod 

25°  C 

0 

2 

2 

1 

0 

0 

0 

15°  C 

0 

0 

2 

2 

0 

0 

0 

Maturation  stage  of  ovaries* 

I 

II 

III 

IV 

V 

VI 

Initial  controls 

0 

6 

3 

l(363)a 

0 

0 

(mid  August) 

15.5L/8.5D  Photoperiod 

25°  C 

0 

0 

1 

4(396  ±  21)a 

3 

0 

15°  C 

0 

0 

2 

3(367  ±  14)" 

0 

0 

9L/15D  Photoperiod 

25°  C 

0 

1 

4 

0 

0 

0 

15°  C 

0 

3 

2 

0 

0 

0 

*  See  Table  I. 

a  Mean  diameter  (±S.E.)  in  microns  of  25  largest  oocytes  in  each  ovary. 

ovarian  development  to  the  prespawning  condition.  Therefore,  a  long  photoperiod 
in  combination  with  warm  temperatnres  is  apparently  required  for  final  gonadal 
maturation  in  this  species.  Neither  a  long  photoperiod  alone  nor  a  warm  tem- 
perature alone  induce  gonadal  development  to  the  prespawning  condition  during 
the  preparatory  period.  A  long  photoperiod- warm  temperature  regime  also  pro- 
motes sexual  maturation  in  two  other  cyprinid  fish,  Carassius  auratns  (Kawa- 
mura  and  Otsuka,  1950)  and  Notropis  bifrcnatits  (Harrington,  1950,  1957)  dur- 
ing winter  and  spring.  A  combination  of  long  photoperiods  and  warm  tempera- 
tures are  also  required  for  final  gonadal  maturation  in  the  centrarchid,  Lcpomis 
cyancllus  (Kaya  and  Hasler,  1972).  Other  investigators  (Bullough,  1939;  Ver- 
ghese,  1967)  have  suggested  that  long  photoperiod  treatment  can  stimulate  "out- 
of-season"  final  gonadal  maturation  in  cyprinids ;  these  investigators,  however, 
failed  to  mention  the  temperatures  at  which  their  experiments  were  conducted, 
so  the  relative  importance  of  photoperiod  and  temperature  cannot  be  determined. 
During  the  prespawning  and  spawning  seasons  a  warm  temperature-long 
photoperiod  regime  stimulates  spawning  in  Notemigonus.  Long  photoperiods 
alone  or  warm  temperatures  alone  do  not  induce  spawning  during  these  periods. 
Apparently  then,  spawning  in  Notemigonus  depends  primarily  on  photoperiod  and 
temperature  conditions.  In  addition,  these  data  suggest  that  a  combination  of  a 
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long  photoperiod  and  warm  temperature  are  required  for  spawning.  In  the  post- 
spawning  season  a  long  photoperiod-warm  temperature  regime  can  induce  spermio- 
genesis  and  stimulate  development  of  ovaries  to  the  prespawning  condition.  These 
data  indicate  that  Notemigoints  is  not  totally  refractory  to  these  conditions.  In 
nature  gonadal  regression  in  Notemigonus  occurs  in  late  July  and  September 
when  environmental  temperatures  are  warm,  but  when  daylength  begins  to  de- 
crease. Potentially  then,  Notemigonus  could  continue  to  breed  if  daylength  did 
not  decrease. 

Short  photoperiods  or  decreasing  daylength  in  combination  with  warm  tem- 
peratures may  induce  gonadal  involution  in  Notemigonus.  In  fact,  short  photo- 
period-warm  temperature  treatment  did  result  in  gonadal  regression  in  Note- 
migonus during  the  preparatory  and  prespawning  periods.  The  gonadal  regres- 
sion response  to  a  warm  temperature-short  photoperiod  regime  was  not,  however, 
observed  during  the  spawning  and  postspawning  periods.  During  these  periods 
exposing  Notemigonus  to  a  short  photoperiod-warm  temperature  regime  did  not 
stimulate  advancement  to  the  prespawning  condition,  but  did  promote  spermato- 
cyte  proliferation  and  the  initiation  of  vitellogenesis.  These  observations  are 
consistent  with  environmental  data  because  spermatocyte  proliferation  and  the 
initiation  of  vitellogenesis  do  occur  in  early  fall.  It  appears,  therefore,  that  the 
early  phases  of  gametogenesis  are  independent  of  environmental  factors  (more 
evidence  for  this  hypothesis  is  presented  below).  The  potential  role  of  environ- 
mental factors  in  controlling  gonadal  regression  in  teleosts  has  received  very  little 
attention.  In  GiUichtliys  inirabilis  (de  Vlaming,  1972b)  and  Lcpomis  cyanelliis 
(Kaya,  1973)  high  temperatures  induce  gonadal  regression. 

Long  photoperiods  in  the  absence  of  warm  temperature  do  not  promote  final 
gonadal  maturation  in  Noteinigoinis.  A  long  photoperiod  in  combination  with  a 
low  temperature  maintains  vitellogenesis  during  all  seasons  in  Notemigonus,  but 
does  not  promote  final  ovarian  maturation  or  spawning.  Therefore,  long  photo- 
periods  alone  cannot  induce  final  oocyte  maturation  in  this  species.  During  the 
preparatory  and  prespawning  seasons  a  long  photoperiod-low  temperature  regime 
is  not  effective  in  stimulating  spermiogenesis  in  Notemigonus.  During  the 
spawning  and  postspawning  periods  this  regime  maintains  gametogenesis,  but 
does  not  promote  final  testicular  maturation.  These  data  indicate  that  the  effects 
of  a  long  photoperiod-low  temperature  regime  on  gonadal  development  in  No- 
temigonus vary  with  season,  yet  these  conditions  will  never  stimulate  final  gonadal 
maturation  or  spawning. 

A  short  photoperiod-low  temperature  regime  is  effective  in  maintaining  vitel- 
logenesis at  all  times  of  the  year  in  Notemigonus.  Final  ovarian  maturation, 
however,  will  not  occur  in  fish  maintained  under  these  conditions.  During  the 
preparatory,  prespawning  and  postspawning  seasons  a  low  temperature-short 
photoperiod  regime  promotes  spermatogonial  and  spermatocyte  proliferation,  but 
not  spermiogenesis.  Thus  these  conditions  do  not  retard  the  early  phases  of 
gametogenesis  in  this  cyprinid. 

Combined,  the  results  of  these  experiments  indicate  that  spermiogenesis  and 
vitellogenesis  are  independent  of  environmental  control  in  Notemigonus,  but 
spermiation  and  final  oocyte  maturation  depend  on  a  combination  of  long  day- 
lengths  and  warm  temperatures. 
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The  effects  of  various  photoperiod  and  temperature  regimes  on  gonaclal  activity 
in  Notemigonus  probably  result  from  changes  in  pituitary  gonadotropin  secretion. 
Indeed,  pituitary  gonadotropin  potency  did  vary  in  animals  maintained  under  dif- 
ferent regimes  (de  Vlaming,  unpublished  results).  In  Notemigonus  hypothalamic 
gonadotropin  releasing  activity  is  significantly  greater  in  fish  exposed  to  a  warm 
temperature-long  photoperiod  regime  than  in  animals  maintained  on  a  warm  tem- 
perature-short photoperiod  regime  (de  Vlaming,  unpublished  results).  The  long 
photoperiod  condition  is  also  effective  in  stimulating  spawning,  whereas  the  short 
photoperiod  regime  results  in  gonadal  regression.  The  effects  of  daylength  on 
gonadal  activity  in  Notemigonus  thus  seem  to  be  mediated  via  the  hypothalamus. 

J.  Flanagan,  M.  J.  Vodicnik,  R.  J.  Pardo,  and  G.  Paquette  offered  valuable 
technical  assistance.  This  work  was  supported  by  NSF  Grant  GB-41338. 

SUMMARY 

1.  The  effects  of  various  photoperiod-temperature  regimes  on  gonadal  activity 
in  the  cyprinid  teleost,  Notcinigonus  crysolcucas,  were  examined  during  several 
different  phases  of  the  annual  reproductive  cycle. 

2.  Regardless  of  the  time  of  year  when  the  experiment  is  initiated  a  long  photo- 
period-warm  temperature  regime  stimulates  gonadal  development  to  the  prespawn- 
ing  condition  or  induces  spawning.     Neither  a  warm  temperature  alone  nor  a  long 
photoperiod  alone  will  stimulate  final  gonadal  maturation. 

3.  Notemigonus   is   not    "refractory"    to    long    photoperiod-warm    temperature 
gonadal  activation  during  the  postspawning  season. 

4.  Short  photoperiods  in  combination  with  warm  temperatures  cause  gonadal 
regression  in  this  species.     A  low  temperature-short  photoperiod  regime  does  not 
induce  gonaclal  involution. 

5.  Spermatocyte   formation  and   proliferation   as   well   as   the   early   phases   of 
vitellogenesis  occur  independently  of  environmental  factors.     Final  gonadal  matu- 
ration and  the  rate  of  gametogenesis,  however,  depend  on  specific  environmental 
conditions. 
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METABOLIC  SIGNIFICANCE  IN  NUCLEIC  ACID  METABOLISM 
VXD  PROTEIN  SYNTHESIS  OE  DIETARY  AMP  REQUIREMENT 

IN  ARTEMIA  SAUNA   (L.) 

A.  HERNANDORENA 

Laboratoirc  du  Museum  National  d'Histoire  Nature! I c  an  Centre  d'Etudes  et  de  Reclierclies 

Scientifiqucs  dc  Biarritz,  64,  France 

The  absolute  and  specific  requirement  of  Artcinia  for  a  dietary  purine  nucleo- 
tide  has  been  demonstrated.  AMP  deficiency  reduces  growth  rate  and  survival 
percentage,  induces  a  supernumerary  gonopode  morphogenesis  and  reduces  ab- 
dominal length.  The  purine  requirement  can  be  satisfied  by  IMP,  AMP  or  GMP; 
adenine,  guanine  and  adenosine  are  metabolized  but  fulfill  the  requirement  less 
effectively  (Hernandorena,  1972b).  The  need  for  an  energetic  nutrient  plus 
AMP/albumin  ratio  has  been  shown.  With  increasing  salinity  of  the  medium, 
growth  rate  is  reduced,  the  abdomen  grows  relatively  longer  and  the  energetic 
nutrient  plus  AMP/albumin  ratio  is  altered.  The  quantitative  nature  of  AMP 
deficiency  inducing  the  morphogenetic  action  depends  on  albumin  concentration 
and  salinity.  Since  oxidative  metabolism  and  ATP  production  are  required  for 
amino  acid  incorporation  into  tissue  proteins  we  suggested  that  AMP  morpho- 
genetic action  should  be  looked  for  at  the  protein  synthesis  level  (Hernandorena, 
1974a). 

The  use  of  specific  inhibitors  seems  to  offer  a  specially  useful  approach  to 
study  the  possible  biochemical  alterations  underlying  the  AMP  morphogenetic 
action.  We  have  already  effectively  employed  aminopterin  and  5-fluorodeoxy- 
uridine  (5-FUDR)  to  elucidate  the  significance  of  Artcinia  folk  acid  requirement 
(Hernandorena,  1970,  1972a). 

The  essentiality  of  axenic  conditions  in  these  studies  has  to  be  underlined. 
The  lack  of  activity  of  a  number  of  analogues  on  Oniscus  ascllns  growth  suggests 
the  existence  of  a  high  level  of  metabolite  synthesis  in  the  gut  of  this  crustacean 
(Beerstecher,  Cornyn  and  Vokmann,  1954).  Fautrez-Firlefyn  and  Fautrez  (1970) 
reported  the  remarkable  lack  of  toxicity  of  hydroxyurea  in  Artcinia,  since  viability 
is  not  affected  by  48-hour  immersion  in  M/100  and  M/50  solutions. 

In  Artemia,  feeding  levels  show  a  profound  effect  on  growth  both  as  it  in- 
fluences growth  rate  and  final  size  attained  (Mason,  1963).  According  to  Dagg 
(1969),  "Artcinia  protein  concentration  is  highest  during  exponential  growth  indi- 
cating that  almost  all  growth  is  due  to  new  protein  synthesis  .  .  .  the  growth  rates 
associated  to  a  given  RNA  concentration  range  tremendously.  The  poor  relation- 
ship between  RNA/protein  concentration  and  growth  measured  by  protein  increase 
is  unexplainable.  .  .  .  The  RNA-growth  relationship  is  probably  most  valid  under 
steady  growth  conditions".  These  are  not  the  conditions  used  by  the  author. 

In  this  paper  we  report  the  effects  of  various  inhibitors  affecting  nucleic  acid 
metabolism  (Fig.  1)  and  protein  synthesis.  Our  next  paper  will  be  concerned 
with  the  metabolic  significance  of  dietary  AMP  in  energy  production  in  relation 
to  temperature  and  salinity. 
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FIGURE  1.  Metabolic  reactions  of  nucleic  acid,  as  blocked  by  the  inhibitors  administrated, 
are  shown ;  metabolites  administered  are  indicated  by  boxed  compounds ;  inhibitors  are  under- 
lined ;  and  points  of  inhibition  are  indicated  by  a  solid  square  on  the  crossing  lines. 


MATERIALS  AND  METHODS 

The  method  developed  by  Provasoli  and  d'Agostino  (1969)  for  the  Utah  strain 
axenic  cultivation  has  been  used  and  described  previously  (Hernandorena,  1970, 
1972a,  b,  c).  The  inhibitors  used  are  from  Nutritional  Biochemical  Co.;  HPP 
was  graciously  supplied  by  Burroughs  Wellcome  and  Co. 


RESULTS 


Nucleic  acid  metabolism 


Purine  catabolism  leads  to  xanthine  dehydrogenase  substrates  hypoxanthine  and 
xanthine.  This  enzyme  is  specifically  inhibited  by  4-hydroxy-pyrazolo-(3-4  d)- 
pyrimidine  (HPP)  and  this  inhibitor  action  has  already  been  studied  in  Artcinia 
(Hernandorena,  1972c).  We  intend  to  study  HPP  action  on  larvae  for  which 
purine  requirement  has  been  fulfilled  by  different  purine  derivatives. 
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FIGURE  2.  Effect  of  benzimidazole ;  both  abscissae  represent  benzimidazole  in  mg%.  In 
all  figures,  growth  is  represented  in  the  left-hand,  and  survival  in  the  right-hand  graph,  the 
left-hand  ordinate  being  the  growth  index  for  the  14th  day  of  development,  and  the  right- 
hand  ordinate  being  the  survival  percentage  for  index  10  (end  of  the  larval  life),  see  Her- 
nandorena,  1972a. 

FIGURE  3.  Benzitnidazole-AMP  antagonism;  both  abscissae  AMP  in  m^%  ;  benzimidazole 
constant  at  5  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 

Benzimidazole  reduces  growth  index  and  survival  percentage  (Fig.  2)  but 
does  not  induce  a  supernumerary  gonopode  morphogenesis.  The  detrimental  effect 
of  benzimidazole  is  relieved  by  AMP  (Fig.  3). 
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FIGURE  4.  Effect  of  2-0  diaminopurine ;  both  abscissae  2-6  diaminopurine  in  mg%  ; 
ordinates  growth  and  survival  as  in  Figure  2. 

FIGURE  5.  2-6  diaminopurine-AMP  antagonism;  both  abscissae  AMP  in  mg% ;  2-6 
diaminopurine  constant  at  2  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 
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FIGURE  6.     Effect  of  mercaptopurine ;  both  abscissae  mercaptopurine  in  mg%  ;  no  AMP 
present,  IMP  at  60  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 

The  inhibitory  effect  of  2-6  diaminopurine  administration  (Fig.  4)  is  relieved 
by  AMP  (Fig.  5).  Morphogenesis  is  normal. 

The  6-mercaptopurine  action  has  been  studied  on  larvae  reared  in  a  medium 
containing  60  mgc/f  IMP  instead  of  AMP.  Figure  6  shows  the  detrimental  effect 
of  mercaptopurine  :  it  reduces  growth  index  and  survival  percentage  but  does  not 
induce  a  supernumerary  gonopode  morphogenesis. 

Figure  7  shows  the  inhibitory  effect  of  hydroxyurea  administration  ;  this  effect 
is  not  relieved  by  AMP  (Fig.  8). 
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FIGURE  7.  Effect  of  hydroxyurea ;  both  abscissae  hydroxyurea  in  mg%  :  ordinates  growth 
and  survival  as  in  Figure  2. 

FIGURE  8.  Hydroxyurea-AMP  antagonism;  both  abscissae  AMP  in  mg'/f  ;  hydroxyurea 
constant  at  5  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 
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FIGURE  9.     Effect  of  actinomycin  D  ;  both  abscissae  actinomycin  in 
and  survival  as  in  Figure  2. 

FIGURE  10.  Effect  of  AMP  concentration;  both  abscissae  AMP  in  mg%  ;  closed  circles, 
no  addition ;  open  circles,  actinomycin  D  2  f-g%  ;  ordinates  growth  and  survival  as  in  Figure  2. 

Actinomycin  D  reduces  growth  index  and  survival  percentage  (Fig.  9)  and 
this  action  is  dependent  on  AMP  concentration  (Fig.  10).  This  antibiotic  does  not 
induce  a  supernumerary  gonopode  morphogenesis.  The  result  has  been  checked 
by  rearing  larvae  in  an  actinomycin  D-containing  medium  during  different  periods 
of  the  larval  life.  Morphogenesis  is  normal  whatever  the  time  spent  in  the  pres- 
ence of  the  antibiotic. 

HPP  action  depends  on  AMP  concentration  (Fig.  11)  and  on  adenine  con- 
centration (Fig.  12).  Minimal  action  occurs  at  100  mg%  AMP  and  at  a  10 
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FIGURE  11.  Effect  of  AMP  concentration;  both  abscissae  AMP  in  mg%  ;  closed  circles, 
no  addition;  open  circles,  HPP  at  40  mg% ;  closed  triangles,  HPP  at  80  mg% ;  ordinates 
growth  and  survival  as  in  Figure  2. 

FIGURE  12.  Effect  of  adenine;  both  abscissae  adenine  in  mg% ;  closed  circles,  no  addi- 
tion; open  circles,  HPP  at  20  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 
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FIGURE  13.     Effect  of  hypoxanthine;   both  abscissae  hypoxantine   in   mg% ;    ordinates   growth 

and  survival   as  in   Figure  2. 

mg%   adenine  concentration.     With   increasing   AMP   or   adenine   concentration 
HPP  action  increases. 

Hypoxanthine  administration  up  to  a  50  mg%  level  has  no  effect  on  growth 
rate  and  survival  percentage  (Fig.  13). 

Protein  synthesis 

Protein  synthesis  has  been  studied  by  the  use  of  the  antibiotic  puromycin  and 
the  amino  acid  analogue  D.L.  parafluorophenylalanine  under  different  experi- 
mental conditions. 
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FIGURE  14.    Effect  of  puromycin ;   both  abscissae  puromycin    in 
and  survival  as  in  Figure  2. 

FIGURE  15.  Effect  of  AMP  concentration;  both  abscissae  AMP  in  mg% ;  albumin  con- 
stant at  20  mg% ;  closed  circles,  no  addition ;  open  circles,  puromycin  at  200  Mg% ;  ordinates 
growth  and  survival  as  in  Figure  2. 
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FIGURE  16.  Effect  of  albumin  concentration;  both  abscissae  albumin  in  mg% ;  AMP 
constant  at  60  mg%  ;  closed  circles,  no  addition ;  open  circles,  puromycin  at  200  fJ-g%  ;  ordi- 
nates  growth  and  survival  as  in  Figure  2. 


Puromycin  adminstration  reduces  growth  index  and  survival  percentage  (Fig. 
14). 

With  albumin  constant  at  20  mg%,  puromycin  action  decreases  with  increasing 
AMP  concentration  up  to  a  100  mgr/  level  (Fig.  15). 

With  AMP  constant  at  60  mg%  ,  puromycin  action  depends  on  albumin  con- 
centration, the  minimal  effect  corresponding  to  a  20  mgf/c  level  (Fig.  16). 

With  increasing  salinity,  albumin  constant  at  20  mg%  and  AMP  constant  at 
60  mgc/c,  puromycin  detrimental  effect  increases  (Fig.  17). 


FIGURE  17.  Effect  of  salinity;  both  abscissae  NaCl  in  gr/rf ;  albumin  constant  at  20  mg%  ; 
AMP  constant  at  60  mg%  ;  closed  circles,  no  addition;  open  circles,  puromycin  at  200  Mg%  ; 
ordinates  growth  and  survival  as  in  Figure  2. 

FIGURE  18.  Effect  of  albumin  concentration ;  both  abscissae  albumin  in  mg%,  salinity  at 
120%c  ;  closed  circles,  puromycin  at  50  (J-g% ;  ordinates  growth  and  survival  as  in  Figure  2. 
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FIGURE  19.     Effect  of  AMP  concentration;   both  abscissae  AMP   in  mg%  ;   salinity  at   12Q%C; 
closed  circles,  puromycin  at  50  Mg%  ;   ordinates  growth  and  survival   as  in   Figure  2. 

We  have  demonstrated  that  with  increasing  salinity,  the  albumin  requirement 
increases  and  that  the  growth  index  increases  with  AMP  concentration,  provided 
enough  albumin  is  supplied  (Hernandorena,  1974a). 

With  salinity  constant  at  l20'/((,  puromycin  action  depends  on  albumin  con- 
centration (Fig.  18)  and  AMP  concentration  (Fig.  19),  minimal  effect  corre- 
sponding to  a  40  mg%  albumin  level  and  a  40  mg%  AMP  concentration. 

These  results  are  confirmed  by  D.L.  parafluorophenylalanine  administration. 

This  analogue  reduces  growth  index  and  survival  percentage  (Fig.  20). 

At  24f/(C,  salinity,  minimal  action  corresponds  to  a  100  mg%  AMP  concentration 
(Fig.  21)  and  to  a  20  mgc/c  albumin  concentration  (Fig.  22). 
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FIGURE  20.  Effect  of  D.L.  parafluorophenylalanine;  both  abscissae  parafluorophenylala- 
nine in  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 

FIGURE  21.  Effect  of  AMP  concentration;  both  abscissae  AMP  in  mg%;  albumin  con- 
stant at  20  mg% ;  closed  circles,  parafluorophenyalanine  20  mg% ;  open  circles,  parafluoro- 
phenylalanine 40  mg%  ;  ordinates  growth  and  survival  as  in  Figure  2. 
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FIGURE  22.  Effect  of  albumin  concentration;  both  abscissae  albumin  in  mg% ;  AMP 
constant  at  60  mg%  ;  closed  circles  parafluorophenylalanine  20  mg% ;  ordinates  growth  and 
survival  as  in  Figure  2. 

FIGURE  23.  Effect  of  salinity ;  both  abscissae  NaCl  in  g%c ;  albumin  constant  at  20  mg%, 
AMP  constant  at  60  mg%  ;  closed  circles,  parafluorophenylalanine  20  mg%e ;  ordinates  growth 
and  survival  as  in  Figure  2. 


With  increasing  salinity,  parafluorophenylalanine  detrimental  effect  increases 
(Fig.  23).  At  120/U'  salinity,  minimal  action  corresponds  to  a  40  mg%  AMP 
concentration  (Fig.  24),  and  to  a  40  mgc/c  albumin  concentration  (Fig.  25),  thus 
confirming  the  reduction  in  AMP  requirement  and  increase  in  albumin  require- 
ment with  increasing  salinity. 


24 


?0     40       60 


100 


25 


140       20    40      60 


5  10 


30 
80 
70 
60 
50 
40 
30 
20 
10 


60 


5  10      20 


60 


FIGURE  24.  Effect  of  AMP  concentration;  both  abscissae  AMP  in  mg% ;  salinity  at 

120%o ;  closed  circles,  parafluorophenylalanine  at  5  mg% ;  ordinates  growth  and  survival  as 
in  Figure  2. 

FIGURE  25.  Effect  of  albumin  concentration;  both  abscissae  albumin  in  mg%  ;  salinity  at 

120%c ;  closed  circles,  parafluorophenylalanine  at  5  mg% ;  ordinates  growth  and  survival  as 
in  Figure  2. 
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DISCUSSION 

Since  the  specificity  and  essentiality  of  a  purine  nucleotide  requirement  has 
already  been  demonstrated  by  omission  experiments  (Hernandorena,  1972b),  the 
growth  inhibition  observed  after  administration  of  the  different  inhibitors,  does 
not  bring  any  additional  data.  No  morphogenetic  effect  is  induced  whatever  the 
reaction  blocked,  and  this  negative  result  underlines  the  limits  of  the  antagonists 
method. 

The  morphogenetic  effects  observed  after  DNA  synthesis  inhibition  resulting 
from  aminopterin  or  5-FUDR  administration  have  been  described  (Hernandorena, 
1970,  1972a).  We  observed  a  teratogenic  action  with  numerous  appendicular  mal- 
formations which  are  different  from  the  supernumerary  gonopodes  induced  by 
AMP  deficiency.  We  can  conclude  that  the  morphogenetic  action  caused  by  AMP 
deficiency  does  not  result  from  inhibition  of  DNA  synthesis.  This  is  confirmed 
by  hydroxyurea  administration,  since  hydroxyurea  induced  growth  inhibition  is  not 
relieved  by  AMP. 

Actinomycin  D  action  depends  on  AMP  concentration  and  this  antibiotic  does 
not  induce  any  morphogenetic  action. 

We  have  demonstrated  that  a  critical  period  exists  for  the  induction  of  super- 
numerary gonopods.  Animals  reared  on  an  AMP-deficient  medium  until  growth 
index  7  and  transferred  at  this  stage  to  the  basal  medium  show  supernumerary 
gonopods  like  animals  reared  on  an  AMP-deficient  medium  until  maturity  (Her- 
nandorena, 1974b).  Actinomycin  D  administration  restricted  to  the  critical  period 
does  not  induce  supernumerary  gonopods.  This  negative  result  underlines  the 
problem  of  interpreting  antibiotics  action. 

Tt  is  not  clear  how  nucleotides  would  be  superior  to  the  bases  or  nucleosides 
since  the  former  group  of  compounds  are  not  effectively  transported  across  cell 
membranes  and  probably  must  be  catabolized  to  the  nucleosides  or  bases  prior  to 
entering  the  cell  (Kelley,  1972).  We  suggested  that  dietary  bases  are  catabolized 
too  rapidly  (Hernandorena,  1972b).  HPP  action  or  xanthine  dehydrogenase  ac- 
tivity is  dependent  on  the  qualitative  and  quantitative  nature  of  dietary  purine 
derivatives.  Hypoxanthine  has  no  effect  and  this  metabolite  would  not  be  me- 
tabolized (Stirpe  and  Delia  Corte,  1965).  When  adenine  is  supplied  to  meet 
the  purine  requirement,  HPP  action  increases.  This  result  could  be  interpreted 
as  suggested  by  a  rapid  catabolism  of  dietary  bases. 

It  is  interesting  to  note  that  in  different  insects,  xanthine  dehydrogenase  ac- 
tivity has  been  shown  to  vary  with  diet,  especially  with  the  protein  composition 
of  the  diet  (Ito  and  Mukaiyama,  1964;  Villela,  Calcagnotto,  Piedras  Lopes,  and 
Rios  Magalhaes,  1970)  and  that  the  dietary  RNA  requirement  depends  on  the 
protein  concentration  of  the  diet  (Geer,  1963). 

In  Artemia  the  quantitative  nature  of  AMP  requirement  depends  on  the  albu- 
min concentration  of  the  diet  (Hernandorena,  1974a). 

With  albumin  constant  at  20  mg%,  and  provided  enough  energetic  nutrients 
are  supplied,  growth  rate  increases  with  the  AMP  concentration  up  to  a  140  mg% 
level  and  decreases  thereafter.  The  major  increase  takes  place  between  20  and 
60  mg^o  AMP  (Hernandorena,  1974a).  The  abdomen  grows  relatively  longer 
with  increasing  AMP  concentration  up  to  a  200  mg%  level.  With  AMP  concen- 
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TABLE  I 

Growth  rate  and  abdominal  length  as  percentage  of  total  length  (1  %  L) 
in  relation  to  AMP  concentration  and  salinity. 


Albumin  constant  at  20  mg% 
Starch  constant  at  100  mg% 

Salinity 

24%0 

120%0 

AMP  mg% 

AMP  mg% 

20 

60 

100 

140 

180 

200 

60 

Growth  index  14th  day 

7.5 

11.5 

12.5 

13.5 

12.3 

11.7 

7.8 

1  %L 

39.7 

45.2 

47.6 

48 

50 

54 

49.3 

tration  ranging  from  140  mg%  to  200  mg/£  growth  rate  decreases  but  abdominal 
length  increases. 

With  AMP  constant  at  60  mgc/c  and  albumin  constant  at  20  mgjc  growth  rate 
decreases  and  abdominal  length  increases  with  increasing  salinity.  These  results 
are  summarized  in  Table  I.  Part  of  them  will  be  published  separately.  The 
abdominal  length  as  percentage  of  total  length  (\%  L )  is  reported  and  measured 
using  the  methods  described  by  Gilchrist  (1956). 

These  results  show  that  AMP  deficiency  reduces  growth  index  and  abdominal 
length  while  salinity  reduces  growth  index  and  increases  abdominal  length.  So 
it  seems  that  growth  rate  and  abdominal  length  depend  on  two  different  metabolic 
systems. 

At  24(/<(  salinity,  maximal  protein  synthesis  estimated  by  minimal  puromycin 
and  parafluorophenylalanine  action  is  achieved  with  an  AMP: albumin  ratio  stand- 
ing somewhere  at  100:20.  This  ratio  does  not  correspond  to  maximal  growth 
rate  which  is  achieved  with  a  140:20  ratio,  nor  to  maximal  abdominal  length 
which  is  achieved  with  a  200:20  ratio. 

With  increasing  salinity,  puromycin  and  parafluorophenylalanine  detrimental 
effect  increases.  This  result  suggests  that  protein  synthesis  decreases  with  in- 
creasing salinity.  We  have  demonstrated  that  protein  synthesis  depends  on  albu- 
min concentration  but  albumin  requirement  increases  with  increasing  salinity. 
With  albumin  constant  at  20  mgc/(  protein  synthesis  would  decrease  with  increas- 
ing salinity. 

Survival  studies  of  newly  hatched  nauplii,  incubated  during  24  hours  at  vari- 
ous salinities  in  the  presence  of  puromycin,  chloramphenicol  and  cycloheximide, 
demonstrated  that  protein  synthesis  inhibitors  are  more  effective  at  high  salt  con- 
centration. The  results  are  not  due  to  changes  in  permeability  to  the  inhibitors 
with  varying  salinity  since  there  is  no  significant  difference  in  the  uptake  of 
3H-puromycin  by  nauplii  incubated  at  different  salinities  (Ewing,  Peterson  and 
Conte,  1972).  In  our  experimental  conditions,  animals  are  feeding  and  the  results 
obtained  could  be  due  to  a  different  drinking  rate  resulting  from  the  mechanisms 
of  osmotic  regulation  (Hernandorena,  1974a)  although  Croghan  (1958)  stated 
that  swallowing  is  continuous  in  all  active  animals  whatever  the  salinity  of  the 
medium. 
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With  salinity  constant  at  \20c/((,  that  is  to  say  with  a  constant  drinking  rate, 
maximal  protein  synthesis  is  achieved  with  an  AMP: albumin  ratio  standing 
somewhere  at  40:20.  So  it  can  he  concluded  that  for  a  given  albumin  concentra- 
tion (20  mg^r),  salinity  reduces  the  AMP  requirement  for  maximal  protein 
synthesis. 

In  Pouiby.r  niori.  larval  growth  depends  on  at  least  two  metabolic  systems; 
one  associated  with  the  length  of  early  developmental  period  which  is  specially 
sensitive  to  carbohydrate  metabolism,  and  the  other  responsible  for  an  extra  larval 
molting  which  is  probably  related  to  protein  metabolism  (Kato  and  Sumimoto, 
1968).  With  increasing  salinity,  Artcniia  starch  requirement  decreases  (Hernan- 
clorena,  1974a ). 

Before  drawing  any  interpretation,  conversion  of  these  informations  to  energy 
flow  must  be  introduced.  The  ratio  between  AMP  concentration  and  ATP  pro- 
duction should  be  considered.  So  information  must  be  gained  regarding  the  nature 
of  substrates  oxidized. 

As  pointed  by  House  (1966),  Sang  (1959)  stated  that  balance  between  nu- 
trients deserves  much  more  investigation  because  here  one  delves  most  closely  into 
examination  of  metabolic  processes.  The  influence  of  metabolic  adaptation  to 
salinity  and  temperature  on  the  energetic  nutrient  plus  AMP/albumin  ratio  might 
bring  more  data  than  inhibitor  studies  to  explain  how  quantitative  differences  in 
AMP  concentration  can  be  translated  at  the  morphological  level. 

SUMMARY 

The  metabolic  reactions  of  the  nucleic  acids  blocked  by  benzimidazole,  2-6  dia- 
minopurine,  6  mercaptopurine,  hydroxyurea,  actinomycin  D  and  HPP  are  essential 
for  Artcniia.  growth  and  survival. 

The  morphogenetic  action  of  AMP  deficiency  is  not  induced  by  the  adminis- 
tration of  any  of  these  antagonists.  Xanthine  dehydrogenase  activity  has  been 
shown  to  vary  with  the  quantitative  and  qualitative  nature  of  the  dietary  purine 
derivatives. 

At  24/rr  salinity  maximal  protein  synthesis  estimated  by  minimal  puromycin 
and  parafluorophenylalanine  action  depends  on  the  AMP  and  albumin  concentra- 
tions of  the  diet  and  corresponds  to  a  100:20  ratio. 

At  I20f/(c  salinity  the  optimal  AMP: albumin  ratio  stands  at  40:20.  Salinity 
reduces  the  AMP  requirement  for  maximal  protein  synthesis.  The  data  presented 
suggest  that  AMP  concentration  controls  growth  rate  and  abdominal  length 
through  different  metabolic  systems. 
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JUVENILE  HORMONE-INDUCED  DELAY  OF  METAMORPHOSIS 
OF  THE  VISCERA  OF  THE  CECROPIA  SILKWORM1 

LYNN  M.  RIDDIFORD 

Biological  Laboratories,  Harvard  University,  Cambridge,  Massachusetts  02138,  and  Department 
of  Zoology,  University  of  Washington,  Seattle,  Washington  981952 

Metamorphosis  in  the  Lepidoptera  begins  when  the  corpora  allata  are  inacti- 
vated in  the  final  larval  instar  and  the  juvenile  hormone  (JH)  titer  subsequently 
declines  (Williams,  1961;  DeWilde,  de  Kort  and  de  Loof,  1971;  Nijhout  and 
Williams,  1974).  In  response  to  ecdysone  in  the  presence  of  this  small  amount 
of  JH,  the  integument  and  viscera  progress  from  the  larval  to  the  pupal  state. 
The  artificial  maintenance  of  a  high  JH  titer  at  this  stage  interferes  with  this 
transformation  (Piepho.  1942;  Sehnal,  1968;  Sehnal  and  Meyer,  1968;  Riddiford, 
1972;  Sehnal  and  Schneiderman,  1973;  Truman,  Riddiford  and  Safranek,  1974). 

In  the  epidermis,  the  switchover  from  the  commitment  to  larval  differentiation 
to  that  for  pupal  differentiation  apparently  occurs  at  the  time  of  gut  evacuation 
(Riddiford,  1972;  Truman,  Riddiford  and  Safranek,  1974).  After  that  time, 
in  the  giant  silkworm,  Hyalophora  cecropia,  application  of  JH  does  not  prevent 
pupal  cuticle  synthesis  and  deposition,  but  it  blocks  the  pupal  differentiation  of 
the  viscera  when  given  at  any  time  during  the  prepupal  period  (Riddiford,  1972). 

In  this  previous  study,  the  state  of  differentiation  of  the  viscera  was  ascer- 
tained by  their  response  during  the  adult  development  which  occurred  immediately 
after  pupation.  Thus,  the  possibility  that  sufficient  exogenous  JH  remained  in 
the  animal  to  act  directly  on  the  pupal-adult  transformation  of  the  viscera  was 
not  ruled  out.  Accordingly,  in  this  investigation,  the  gonads  and  fat  body  from 
animals  treated  with  JH  as  prepupae  were  transplanted  immediately  after  pupal 
ecdysis  to  untreated  host  pupae.  In  this  manner,  their  competence  for  adult  dif- 
ferentiation could  be  assayed  by  their  ability  to  develop  in  concert  with  the  host 
pupa. 

MATERIALS  AND  METHODS 
Experimental  animals 

Cecropia  larvae  were  reared  on  wild  cherry  trees  (Telfer,  1967)  or  in  the 
laboratory  on  synthetic  medium  (Riddiford,  1968).  After  gut  evacuation  the 
animals  were  maintained  at  25-26°  C  under  a  17L:7D  photoperiocl. 

Host  pupae  were  usually  in  diapause  but  chilled  for  varying  lengths  of  time. 
A  few  host  pupae  had  had  their  brains  removed  to  hold  them  in  permanent  dia- 
pause. 
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materials 


Cecropia  C18-JH  (70c/c  all  trans)  (Eco-Control,  Inc.),  and  its  mimics  epoxy- 
geranyl  sesamole  (EGS)  (Eco-Control,  Inc.),  ethyl  3,7,11  trimethyl-dodecadi- 
enoate  (ZR512)  (Zoecon  Corporation),  and  the  Williams-Law  mixture  of  chlo- 
rinated hydrocarbons  (JH-A)  prepared  according  to  the  method  of  Vinson  and 
Williams  (1967)  were  used.  In  the  Cecropia  pupal  assay  (Williams,  1961)  0.1 
f<g  C18-JH,  2.5  fig  EGS,  15  fig  ZR512,  or  20  fig  JH-A  was  necessary  to  give  a 
+  3  pupal-adult  intermediate. 

The  juvenile  hormone  materials  were  freshly  prepared  in  acetone  ("Nano- 
grade."  Mallinkrodt  )  ,  and  2  to  5  ^1  were  applied  along  the  dorsal  midline  of  the 
prepupa.  Alternatively,  the  hormonal  materials  were  mixed  with  light  mineral 
oil  (Fisher;  Saybolt  viscosity  125/135),  and  50  /A  were  injected  into  the  prepupa 
just  anterior  to  the  middorsal  tubercle  on  the  8th  abdominal  segment.  12.5  fig  of 
ytf-ecdysone  (either  from  K.  Slama  or  from  Rohto  Co.)  in  50  fil  W%  isopropanol 
were  injected  into  the  mesothoracic  tergum  of  a  diapausing  host  pupa  to  initiate 
adult  development  after  a  specified  period  of  time. 

Surgical  procedures 

The  surgical  techniques  employed  were  as  previously  described  (Williams, 
1952;  Schneiderman,  1967).  The  organs  to  be  transplanted  were  removed  from 
a  larva  of  a  known  age  or  from  the  donor  pupa  within  12  hours  after  pupal 
ecdysis.  They  were  rinsed  in  Ringer's  (Ephrussi  and  Beadle,  1936)  and  all  ex- 
traneous tissue  was  removed.  Each  gonad  was  placed  in  the  tip  of  the  abdomen 
of  a  host  pupa  of  the  same  sex,  and  the  wound  covered  by  a  plastic  cover  slip. 
The  fat  body  transplants  were  always  made  between  diet-  and  leaf-reared  animals 
since  the  fat  body  of  the  former  is  white  whereas  that  of  the  latter  is  yellow.  This 
color  difference  persisted  through  metamorphosis;  thus,  the  implant  could  be 
readily  identified. 

Abdomens  were  isolated  by  slicing  through  the  pupa  at  the  level  of  the  posterior 
mesothoracic  tergum.  The  midgut  was  thus  left  intact  and  allowed  to  recede  into 
the  abdominal  compartment  as  fat  body  was  removed.  The  pupa  was  then  tran- 
sected at  the  level  of  the  first  abdominal  segment,  and  the  abdomen  sealed  with  a 
plastic  cover  slip.  The  abdomens  were  stored  in  an  inverted  position  at  25°  C. 
Several  days  later,  the  gonad  was  implanted  either  into  the  top  of  the  isolated 
abdomen  through  the  paraffin-plugged  hole  in  the  cover  slip  or  into  the  tip  of  the 
abdomen.  After  varying  lengths  of  time  at  25°  C,  the  implant  was  removed  and 
placed  into  an  intact  diapausing  host  pupa  to  assay  its  developmental  stage.  This 
further  operation  was  necessary  because  after  /j-ecdysone  injection,  few  of  the 
isolated  abdomens  survived  long  enough  to  complete  adult  development. 

RESULTS 
Effects  of  JII  application  at  the  initiation  oj  the  prcpitpal  stage 

I  previously  reported  that  when  JH-A  was  administered  to  a  Cecropia  pre- 
pupa at  the  time  of  ocellar  retraction,  the  subsequent  pupal  diapause  was  averted 
and  the  resultant  individual  was  adult  externally  but  pupal  internally  (Riddiford, 
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TABLE  I 

Effects  on  the  incidence  of  diapause  and  on  adult  differentiation  of  administration  of 
Cecropia  C18-JH  to  Cecropia  pre  pupae  at  the  time  of  ocellar  retraction. 


Dosage!  (jug) 


Number 
treated 


Xunihcr  failing 
to  diapause 


Juvenile  characters  in  resulting  motlist 


Kxternal* 


Internal** 


Thorax 


Fat  body 


<  ii  mad 


Topical  application  in  acetone 


2.5-5 

3 

0 

_ 

_ 



L 

10-15 

5 

3 

0.5 

3.1 

3.3 

3.1 

25-50 

4 

4 

1.5 

4.1 

5.0 

4.1 

100 

2 

2 

3.2 

5.0 

5.0 

5.0 

Injection  in  light  mineral  oil 


0.1-1 

3 

0 

_ 

, 

. 

, 

2.5-5 

5 

3 

0.5 

3.0 

4.5 

4.0 

10-25 

8 

8 

1.0 

4.2 

4.7 

4.2 

50 

3 

3 

3.0 

4.7 

4.9 

4.4 

100 

4 

4 

4.2 

4.9 

5.0 

4.8 

{Doses  which  produced  the  same  scores  were  combined ;  thus,  the  range  is  given. 
t  When  there  is  more  than  one  treated  individual,  an  average  score  is  used.  This  average 
is  based  only  on  the  scores  for  nondiapausing  individuals. 

*  Scoring  of  external  characteristics  according  to  the  0  to  5  scale  of  Williams  (1961 '). 
**  Scoring  of  internal  characteristics  according  to  the  0  to  5  scale  of  Riddii'ord  (1972). 

1972).  Since  Cecropia  C1S-JH  and  more  specific  JH  mimics  have  become  avail- 
able, a  study  of  their  effects  at  this  critical  time  of  pupal  development  was  done 
in  preparation  to  a  study  of  the  effects  of  JH  on  the  larval-pupal  transformation 
of  the  viscera. 

Table  I  shows  the  effects  of  Cecropia  C18-JH  on  adult  differentiation  when 
it  is  applied  to  Cecropia  prepupae  at  the  time  of  ocellar  retraction.  Just  as  pre- 
viously found  with  JH-A  (Riddiford,  1972),  moderate  doses  of  C18-JH  prevented 
diapause  and  the  metamorphosis  of  the  viscera  but  had  little  effect  on  the  integu- 
ment. With  the  higher  doses  of  C18-JH,  more  severe  external  effects  were  ob- 
tained. Since  the  resultant  pupae  had  appeared  normal  externally,  these  external 
effects  noted  in  the  adult  were  not  due  to  JH  acting  at  the  time  of  application  but 
rather  to  the  hormone  which  persisted  until  the  beginning  of  adult  development. 
As  seen  in  Table  I,  a  given  dose  of  C18-JH  was  much  more  effective  when  injected 
in  mineral  oil  than  when  applied  topically  in  acetone.  Undoubtedly,  this  is  due 
to  the  fact  that  topically  applied  hormone  is  metabolized  much  faster  than  that 
injected  in  mineral  oil  (Ajami  and  Riddiford,  1973;  Riddiford  and  Ajami,  1973). 

Similar  experiments  involving  topical  application  of  the  JH  mimics  at  the  onset 
on  the  prepupal  period  indicated  that  these  compounds  were  more  stable  in  the 
animals  than  was  the  Cecropia  C18-JH  since  dosages  just  sufficient  to  prevent 
metamorphosis  of  the  viscera  also  produced  external  effects  in  the  adult.  For 
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FIGURE  1.  The  average  score  of  the  implanted  testes,  ovaries,  and  fat  body  as  a  function 
of  the  mean  time  (±1  day)  required  for  the  initiation  of  adult  development  of  the  host  pupa 
after  the  implantation.  Implants  from:  closed  squares  represent  untreated  fresh  «  12-hour 
old)  pupae  (15  implants  per  point  until  day  8;  6  for  day  12;  and  3  thereafter)  ;  closed  circles, 
fresh  pupae  given  25  /*g  C18-JH  at  onset  of  preptipal  period  (at  least  15  implants  per  point 
except  9  for  days  0-3  and  4  for  days  3-6)  ;  triangles,  fresh  pupae  given  JH  mimics  (  150  Mg 
JHA,  50  /j.g  ZR512,  or  50  fj-g  EGS)  at  onset  of  prepupal  period  (at  least  25  implants  per 
point  through  15  days,  then  12  for  days  17-21,  and  4  thereafter)  ;  inverted  triangles,  fresh 
pupae  given  50  fig  EGS  as  white  prepupae  (at  least  10  implants  per  point);  open  circles, 
isolated  abdomens  14-36  days  after  removal  from  fresh  pupae  treated  with  25  fj.g  C18-JH  at 
onset  of  prepupal  period  (6  implants  per  point  except  only  1  at  14  days). 


instance.  30  /^g  EGS  was  the  minimum  dose  which  prevented  diapause,  yet  treated 
individuals  showed  an  external  score  of  3.0  as  well  as  complete  inhibition  of 
metamorphosis  of  the  viscera.  Similarly,  10  /Ag  ZR512  usually  prevented  diapause 
with  nearly  complete  inhibition  of  internal  metamorphosis,  but  it  also  partially 
inhibited  the  pupal-adult  transformation  of  the  integument  (3.0  score). 

Assessment  of  the  developmental  status  of  viscera  from  JH-treated  pupae 

Thus,  a  low  dose  of  the  animal's  own  juvenile  hormone  applied  at  the  onset 
of  the  prepupal  period  interfered  with  metamorphosis  of  the  viscera  without  affect- 
ing the  integument.  But,  as  with  the  previous  study  with  JH-A  (Riddiford, 
1972'),  it  was  possible  that  the  JH  was  persisting  in  the  animal  through  the  pre- 
pupal period  and  acting  primarily  at  the  beginning  of  adult  development.  If  this 
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were  true,  the  differences  in  responses  of  the  viscera  and  of  the  integument  would 
only  indicate  that  the  internal  organs  were  more  sensitive  to  the  hormone.  There- 
fore, the  developmental  status  of  the  viscera  at  the  time  of  pupal  ecdysis  was 
studied  by  transplanting  various  organs  into  chilled  diapausing  host  pupae.  Trans- 
plants of  any  part  of  the  gut.  the  Malphigian  tubules,  and  the  nerve  cord  of  the 
untreated  freshly  pupated  individuals  proved  largely  unsuccessful.  But,  as  seen 
in  Figure  1,  all  45  gonad  and  fat  body  implants  underwent  normal  adult  develop- 
ment in  concert  with  the  host  irrespective  of  the  time  required  for  the  host  to 
initiate  adult  development.  The  number  of  mature  eggs  produced  by  the  im- 
planted ovary  was  small  (an  average  of  22  chorionated  ones  compared  to  125 
per  ovary  in  situ}.  But  since  the  host's  ovaries  always  made  their  normal  com- 
plement of  eggs,  the  space  and  nutrients  available  to  the  third  implanted  ovary  was 
most  likely  limited.  Therefore,  in  Table  II,  a  score  of  0  is  assigned  to  an  ovary 
which  makes  at  least  1-  clmrionated  eggs.  These  results  indicate  that  in  Cecropia 
by  the  time  of  pupal  ecdysis  the  viscera  have  completed  pupal  development  and 
are  competent  to  undergo  adult  development  immediately. 

To  assess  the  effect  of  JH  on  the  larval-pupal  transformation  of  the  viscera, 
prepupae  were  treated  at  the  onset  of  ocellar  retraction  with  a  dose  of  C18-JH  or  a 
JH  mimic  that  prevented  the  metamorphosis  of  the  viscera  ("  +4  score).  Five 
to  six  days  later  within  12  hours  of  pupal  ecdysis  the  gonads  and  fat  body  from 
the  treated  animals  were  transplanted  into  diapausing  host  pupae.  One  day  after 
the  subsequent  adult  emergence  of  the  host,  the  developmental  status  of  the  implant 
was  scored  as  outlined  in  Table  II. 

Figure  1  shows  the  response  of  the  implant  as  a  function  of  the  lag  between 
the  time  of  implantation  and  the  subsequent  onset  of  adult  development  of  the 

TABLE  II 

Assessment  of  developmental  status  of  viseera  at  time  of  pupal  ecdysis  by  implantation  and 
subsequent  differentiation  during  adult  development  of  host  pupa. 


Scoref 


Testis* 


Ovarv 


Fat  hodv 


(I 
+  1 

+  2 
+3 
+4 
+  5 


Greater  than  90%,  mature 
sperm. 

75-90%,  mature  sperm,  re- 
mainder of  stages  II.  Ill 
and  IV. 

50-75%  mature  sperm;  re- 
mainder of  stages  II  to  IV. 

Few  mature;  less  than  5(1'  , 
stage  IV;  remainder  stages 
I-III. 

Less  than  10%  stage  IV; 
mainly  stages  I  and  II. 

All  stage  I :  pupal. 


At  least  12  chorionated** 
and  12  chorionating  eggs. 

5-11  chorionated  eggs  and 
some  chorionating  follicles. 

Up  to  4  chorionated  eggs; 

mainly  small  vitellogenic 

follicles. 
No  chorionated  eggs;  many 

small  vitellogenic  follicles. 

Ovarioles  grown  out  with 
distinct  follicles  but  little 
(ir  no  yolk  deposited. 

Pupal. 


Adult. 

Adult  with  trace  dis- 
sociated fat  body. 

Mixture  of  adult  and 
granular  type. 

Granular  along  trachea. 

neither  pupal  nor  adult 

in  appearance. 
Friable. 


I'upal. 


t  0  indicates  that  viscera  were  pupal  at  time  of  pupal  ecdysis  and  implantation  ;  +5  indicates 
that  viscera  were  larval  at  the  time. 

*  The  stages  of  spermatogenesis  are  those  given  by  Kambysellis  and  Williams  (1971). 
**  Average  of  22  chorionated  and  12  chorionating  eggs  among  the  14  control  implants. 
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host.  \Yhen  the  host  pupa  initiated  adult  development  within  three  days  of  im- 
plamaiion,  the  implants  showed  only  traces  of  adult  characters  and  responded 
quite  .similarly  to  organs  left  in  situ  in  JH-treated  animals.  In  contrast  to  the 
control  implants,  then,  these  JH-treated  viscera  had  not  completed  pupal  differ- 
entiation bv  the  time  of  pupal  ecdysis  so  were  unable  to  undergo  adult  develop- 
ment. But  if  development  of  the  host  pupae  was  delayed,  the  implant  rapidly 
became  competent  to  undergo  adult  development  ;  and  by  three  to  four  weeks  all 
implants  were  able  to  differentiate  into  adult  structures  in  concert  with  the  host. 
\.s  seen  in  Figure  1  the  loss  of  these  effects  and  the  acquisition  of  competence 
for  adult  differentiation  occurred  more  rapidly  after  treatment  of  prepupae  with 
C'IS-Jll  than  with  the  more  stable  [11  mimics.  Thus,  when  treated  with  JH  at 
the  onset  of  the  prepupal  period,  the  viscera  are  unable  to  complete  the  larval- 
pupal  transformation  bv  the  time  of  pupal  ecdysis  but  can  complete  it  in  the  JH- 
free  environment  of  the  diapausing  pupal  host. 

My  previous  studies  (Riddiford,  1972)  had  indicated  that  JH  treatment  at 
the  white  prepupal  stage  (just  before  pupal  ecdysis)  had  a  definite  but  less  pro- 
nounced effect  on  the  metamorphosis  of  the  viscera.  In  this  instance,  the  effect 
might  not  be  on  the  larval-pupal  transformation  of  viscera  which  had  been  in 
progress  for  3  to  4  days  at  the  time  of  application  but  rather  only  on  their  pupal- 
adult  transformation  which  began  about  2  to  3  days  after  application.  In  order 
to  differentiate  between  these  two  possibilities,  white  prepupae  were  treated  with 
50  p.g  E(]S,  and  the  gonads  and  fat  body  subsequently  removed  about  2(>  hours 
later  within  12  hours  of  pupal  ecdysis.  As  seen  in  Figure  1,  when  the  host  pupae 
immediately  initiated  adult  development,  the  implants  showed  little  adult  differen- 
tiation, similar  to  those  from  animals  treated  with  F(  IS  at  the  outset  of  pupal 
development.  But  the  time  necessary  for  recovery  was  much  faster  as  would  be 
expected  since  the  larval-pupal  transformation  \vas  nearly  complete  at  the  time 
of  JH  application. 

Role  of  brain  and  prothoracic  <jlan<ls  in  pupal  development  of  JH-treated  viscera 

The  above  results  clearly  indicated  that  the  Jl  [-blocked  viscera  could  gain 
competence  to  undergo  adult  development  when  thev  were  implanted  into  dia- 
pausing pupae.  To  determine  if  this  recovery  was  influenced  by  the  endocrine 
environment  of  the  host,  the  effects  of  brain  and  prothoracic  gland  removal  were 
examined. 

For  assay  of  the  role  of  the  brain,  brains  were  removed  from  the  diapausing 
pupae.  The  organ  from  JH-treated  prepupae  was  removed  immediately  after 
pupal  ecdysis  and  implanted  into  the  brainless  host;  then  /3-ecdysone  was  injected 
at  specific  times  thereafter.  The  time  of  recovery  of  the  implant  in  a  del  trained 
pupa  was  found  to  be  the  same  as  that  for  an  intact  host.  Therefore,  the  data  in 
Figure  1  are  a  composite  of  implants  into  hosts  with  and  without  brains. 

To  assess  the  effects  of  the  prothoracic  glands  on  the  recovery  of  the  viscera, 
gonads  were  removed  from  the  JH-treated  individuals  and  placed  into  isolated 
diapausing  pupal  abdomens.  After  14,  21,  or  30  days  the  implants  were  removed 
and  implanted  into  chilled  diapausing  host  pupae  to  assay  their  developmental 
status.  In  no  instance  did  the  gonad  undergo  adult  differentiation  when  adult 
development  of  the  host  began  immediately.  In  fact,  the  developmental  status  of 
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TABLK  1 1 1 

Developmental  capacity  of  larral  »<»nuis  after  rnrying  length*  of  time  in  a  din  pausing  pupa. 


Stage  of  donor 

Tinir  for  hn-t  l<>  inil  i.it  i- 
development 

Number 
implants 

Developmental  capacity  of  im- 
plant average  score  ±^.<1 

4th  instar 

1-3  days 

4 

4.8  ±  0.5 

(1-2  g) 

5th  instar 

3|  months* 
1-3  days 

3 

5 

2.7  ±  1.5 
5.0  ±  0.0 

(2-8  g) 

5-8  da\> 
10-14  days 

4 
6 

4.5  ±  0.6 
3.2  ±  0.9 

3  §  months* 

7 

1.2  ±  1.4 

Gut  evacuation 

5-8  days 

1 

4.0 

3|  months* 

2 

0.5  ±  0.7 

*  Brainless  host  pupae  injected  with  12.5  ng  /3-ecdysone  3J  months  after  implantation. 


the  implant  had  not  changed  during  the  14  to  36  days  in  the  isolated  abdomens. 
In  Figure  1  all  implants  from  isolated  abdomens  are  grouped  together  as  if  they 
had  heen  transplanted  into  the  chilled  host  after  2\  days.  The  data  show  that  the 
treated  gonads  did  not  become  competent  to  undergo  adult  development  until  after 
they  were  placed  into  the  intact  pupa.  Then  the  kinetics  of  recovery  was  essen- 
tially the  same  as  that  seen  after  implantation  of  the  treated  gonad  immediately 
after  pupation.  The  average  score  of  1.6  at  12  days  is  for  6  implants,  4  of  which 
formed  normal  adult  structures  whereas  both  ovaries  from  one  treated  individual 
remained  pupal.  Apparently  then  the  presence  of  prothoracic  glands  was  essential 
for  the  completion  of  the  pupal  transformation  after  the  JH  effects  had  decayed. 

Capacity  of  larral  viscera  for  adult  differentiation 

Since  the  hormonal  environment  of  an  intact  or  brainless  diapausing  pupa  was 
sufficient  to  allow  organs  from  JH-treated  prepupae  to  attain  competence  for  adult 
differentiation,  it  was  of  interest  to  determine  whether  organs  from  feeding  larvae 
could  also  undergo  the  pupal  transformation  in  a  diapausing  pupal  host. 

The  gonads  of  4th  and  5th  instar  larvae  of  known  age  were  transplanted  into 
diapausing  host  pupae.  Table  III  shows  that  when  the  host  pupa  initiated  adult 
development  within  8  days  after  implantation,  the  larval  gonad  was  not  capable 
of  undergoing  adult  development.  \Yhen  development  of  the  host  was  delayed  for 
10  to  14  days,  then  the  implant  showed  some  adult  development  forming  a  few 
mature  sperm  or  oocytes  but  remained  less  than  half  normal  adult  size.  After  o1/-^ 
months  in  a  brainless  diapausing  host  pupa,  the  testis  was  able  to  mature  fully  in 
spite  of  its  small  size.  The  ovary  was  able  to  form  some  chorionated  eggs  and 
at  least  an  equal  number  of  vitellogenic  follicles  but  many  fewer  than  implants  from 
freshly  ecdysed  pupae.  The  lack  of  the  period  of  growth  of  the  ovary  which  nor- 
mally occurs  during  the  larval-pupal  transformation  may  account  for  the  fewer 
developing  follicles  and  could  explain  the  disparity  between  the  developmental 
capacities  of  the  ovary  and  the  testis.  These  experiments  however  clearly  indicate 
that  when  placed  in  a  JH-free  environment  under  the  influence  of  the  prothoracic 
glands,  the  larval  gonad  can  undergo  pupal  development  without  the  concomitant 
growth  that  normally  occurs  during  the  larval-pupal  transformation. 
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DISCUSSION 

During  larval  life  the  gonads  grow  slowly.  Then  when  the  JH  titer  declines 
and  metamorphosis  begins,  they  show  an  increased  rate  of  growth  and  an  initial 
differentiation  prerequisite  for  subsequent  adult  development  (Sehnal,  1968).  The 
results  obtained  here  show  that  gonads  from  early  final  instar  larvae  can  be  induced 
to  make  adult  structures  in  response  to  ecdysone  after  being  held  in  a  diapausing 
host  pupa  for  several  weeks.  During  this  holding  period,  conditions  in  the  host 
pupa  were  apparently  suitable  for  these  organs  to  undergo  their  initial  pupal  dif- 
ferentiation. Since  these  larval  implants  never  attained  normal  adult  size,  it  is 
obvious  that  the  period  of  enhanced  growth  is  not  necessary  for  their  larval-pupal 
transformation. 

This  initial  differentiation  of  the  viscera  to  the  pupal  condition  requires  ecdy- 
sone in  the  presence  of  little  or  no  JH  (Williams,  1961).  Juvenile  hormone 
treatment  of  the  prepupa  prevented  pupal  differentiation,  and  treated  viscera 
showed  no  recovery  after  2  to  5  weeks  in  isolated  abdomens.  But  after  reimplan- 
tation  into  intact  pupae,  pupal  differentiation  occurred  during  the  ensuing  two 
weeks  before  adult  development  was  initiated,  and  the  implants  completed  adult 
differentiation  in  concert  with  their  hosts.  Since  recovery  of  treated  implants 
occurred  at  the  same  rate,  irrespective  of  whether  or  nut  the  host  pupa  had  a  brain, 
this  process  was  undoubtedly  due  to  ecdysone  release  from  the  prothoracic  gland>. 

Normally,  the  prothoracic  glands  of  Cecropia  secrete  sufficient  ecdysone  to 
initiate  molting  only  after  activation  by  the  prothoracicotropic  hormone  from  the 
brain  (Williams,  1952).  But  wounding  can  subliminally  activate  these  glands  in 
Cecropia,  and  in  other  saturniid  species  can  fully  activate  them  (McDaniel  and 
Berry,  1967).  Furthermore,  debrained  tobacco  hornworm  ( Manthica •  sc.vta  )  pupae 
can  nevertheless  eventually  develop  (Judy,  1(>72).  Therefore,  it  seems  likely  that 
a  small  amount  of  ecdysone  may  "leak  out"  of  the  prothoracic  glands  in  the 
wounded  diapausing  pupal  hosts.  While  this  ecdvsone  is  insufficient  to  trigger 
adult  development,  it  is  sufficient  for  the  completion  of  pupal  differentiation  of  the 
implant.  This  amount  of  ecdvsone  also  allows  pupal  differentiation  of  the  larval 
gonad  but  appears  inadequate  to  induce  the  increased  growth  rate  normally  seen 
at  the  outset  of  metamorphosis. 

The  recovery  of  the  JH-treated  viscera  in  host  pupae  can  be  divided  into  three 
phases:  1)  the  decay  of  the  exogenous  hormone;  2)  the  decay  of  the  covert  effects 
of  the  hormone;  and  3)  the  subsequent  completion  of  the  larval-pupal  transforma- 
tion. When  the  third  phase  is  completed,  the  pupal  viscera  are  able  to  respond  to 
ecdysone  in  the  absence  of  JH  and  become  adult.  Similar  recovery  after  JH 
treatment  was  noted  by  Sehnal  and  Schneiderman  (1973)  in  the  waxnioth.  Gal- 
Icria  mellonella. 

The  decay  of  exogenous  hormone  is  quite  rapid — the  half-life  of  Cecropia 
C1X-JH  in  the  blood  is  at  most  two  hours  (Ajami  and  Riddiford,  lc>73).  The 
half-life  of  the  JH  mimics  is  somewhat  longer  (  Staal,  1975)  and  could  be  seen 
from  their  effects  on  the  integument  when  adult  development  began  about  10  days 
after  application.  Thus,  the  organs  from  JH-mimic  treated  prepupae  were  exposed 
to  a  higher  level  of  JH  at  the  time  of  their  removal  and  consequently,  as  seen  in 
Figure  1.  required  a  longer  time  to  attain  competence  for  adult  differentiation. 
It  i.s  interesting  in  this  context  that  only  a  rare  host  with  an  implant  formed  pupal 
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cuticle  at  the  wound  site  indicating  that  the  implant  per  sc  did  not  contain  signifi- 
cant amounts  of  unbound  hormone. 

The  separation  of  the  last  two  phases  of  recovery — the  decay  of  covert  effects 
and  the  completion  of  larval-pupal  differentiation — is  more  difficult.  One  dif- 
ference between  the  two  is  that  the  latter  requires  the  presence  of  ecdysone  whereas 
the  former  apparently  does  not.  Kimura  (1974)  and  Fain  and  Riddiford  (1973) 
have  shown  that  the  covert  effects  of  JH  that  are  prerequisite  for  a  larval  molt 
have  completely  decayed  by  48  hours  and  72  hours  in  isolated  abdomens  of  Eom- 
by.\-  inori  and  Manduca  sc.rta  respectively.  Thus,  after  2  to  5  weeks  in  an  isolaU-d 
abdomen  the  Cecropia  implants  were  presumably  free  of  exogenous  JH  and  its 
covert  effects.  The  subsequent  time  then  required  for  these  organs  to  recover 
after  implantation  into  diapausing  hosts  must  retlect  the  time  needed  to  complete 
differentiation  to  the  pupal  condition.  As  seen  in  Figure  1,  this  time  is  only 
slightly  shorter  than  that  required  by  implants  taken  directly  from  18C-JH-treated 
individuals.  Thus,  the  recovery  rates  indicated  by  the  curves  in  Figure  1  reflect 
primarily  the  time  required  for  the  completion  of  pupal  differentiation  after  the 
effects  of  juvenile  hormone  have  disappeared.  Although  normally  pupal  differen- 
tiation in  Cecropia  requires  4  to  5  days  (Williams,  l'>52  I,  the  increased  time  found 
necessary  in  these  experiments  likely  is  due  to  the  very  low  level  of  ecdysone  in 
the  diapausing  hosts. 

Presumably  in  Cecropia  as  in  Manduca  (Bollenbacher,  Vedeckis,  Gilbert  and 
O'Connor,  1975)  there  is  a  high  titer  of  ecdysone  at  the  onset  of  the  prepupal 
period.  This  large  amount  apparently  is  necessary  to  initiate  pupal  cuticle  syn- 
thesis and  also  probably  accounts  for  the  growth  of  the  gonads.  The  experiments 
reported  here,  however,  indicate  that  pupal  differentiation  of  the  viscera  can  occur 
in  the  presence  of  much  lower  amounts  of  ecdysone.  But  this  differentiation  of 
the  viscera  requires  the  virtual  absence  of  JH  throughout  the  prepupal  period.  In 
the  epidermis,  only  the  commitment  to  pupal  differentiation  which  occurs  in  re- 
sponse to  the  first  ecdysone  release  that  initiates  gut  evacuation  (Truman  and 
Riddiford,  1974;  Bollenbacher  et  al.,  1975)  can  be  prevented  by  JH  (Riddiford, 
1972;  Truman,  Riddiford  and  Safranek,  1974).  After  this  time  epidermal  dif- 
ferentiation becomes  aloof  to  JH.  Thus,  the  epidermis  and  viscera  differ  not 
only  in  the  timing  of  their  irrevocable  switchover  from  larval  to  pupal  commitment, 
but  also  in  the  amount  of  ecdysone  necessary  for  the  expression  of  that  commitment. 

I  thank  Saundra  Troisi  and  Angela  Ng  for  rearing  the  Cecropia ;  Dr.  Alfred 
Ajami  for  providing  the  Cecropia  CIS-juvenile  hormone  and  its  mimic  EGS ; 
Dr.  John  Siddall  for  the  mimic  ZR512;  Professor  Carroll  M.  Williams  for  the 
JH-A,  and  Dr.  Karel  Slama  for  the  /3-ecdysone ;  Professor  James  Truman  for  help 
with  the  abdominal  isolation  technique  and  valuable  criticisms  during  the  prepara- 
tion of  this  manuscript;  and  Professor  John  Edwards  and  Ms.  Mary  Xijhout  for  a 
critical  reading  of  the  manuscript. 

SUMMARY 

1.  Cecropia  CIS-juvenile  hormone  (C1S-JH)  when  given  to  Cecropia  larvae  at 
the  onset  of  pupal  development  prevented  metamorphosis  of  the  viscera  but  had 
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little  mi  the  integument  as  bad  been  previously  reported  for  a  mixture  of 

JH  mimic- s  (Riddiford,  1972). 

2.  The  developmental  status  of  the  viscera  of  freshly  ecdysed  pupae  which  had 
been  treated  with  juvenile  hormone  (C1S-JH  or  JH  mimics)  as  prepupae  was 
ascertained  by  transplantation  into  normal  host  pupae. 

Recovery  as  signaled  by  the  completion  of  the  larval-pupal  transformation 
of  the>e  implanted  viscera  occurred  in  diapausing  pupae  with  or  without  brains  but 
not  in  isolated  pupal  abdomens.  Thus,  ecdysone  is  necessary  for  the  resumption  of 
•differentiation  after  JH  and  its  effects  have  decayed. 

4.  Similarly,  pupal  differentiation  of  larval  gonads  occurred  during  3%  months 
in  a  diapausing  host  pupa.     Thus,  for  pupal  differentiation  of  the  viscera  all  that 
is  required  is  a  low  level  of  ecdysone  in  the  absence  of  JH. 

5.  The  epidermis  and  the  viscera  thus  differ  in  their  hormonal   requirements 
for  pupal  differentiation.     The  epidermis  requires  only  an  absence  of  JH  during 
the  time  of  commitment  but  not  during  its  expression;  furthermore,  this  expres- 
sion requires  a  high  level  of  ecdysone. 
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SOME  EFFECTS  OF  EYESTALK  REMOVAL  ON  THE  Y-ORGANS 

OF  CANCER  IRK  OR  ATI'S  SAY 

FRANK  P.  SIMIONE,  JR.*  AND  DANIEL  L.  HOFFMAN 

Department  of  Biology,  Buckncll  University,  Lewidnirg,  Pennsylvania  17S37 

Brachyuran  crustaceans  possess  a  pair  of  endocrine  glands  called  Y-organs 
which  are  thought  to  be  homologous  to  the  molting  glands  of  insects  (Gabe,  1953). 
Bilateral  removal  of  these  Y-organs  prevents  molting  in  Card  nits  niacnas  ( Echa- 
lier,  1954)  and  Scsanna  rcticnlatuni  (  Passano  and  Jyssum,  1963)  ;  and  reimplan- 
tation  leads  to  the  resumption  of  the  normal  molting  process  (Echalier,  1955). 
Bilateral  eyestalk  removal  in  the  fiddler  crab,  Uca  puc/liator  (Abramowitz  and 
Ahramowitz.  1940),  has  been  shown  to  lead  to  precocious  molting  when  it  is  per- 
formed during  the  intermolt  period  of  the  molt  cycle,  but  not  when  performed 
during  the  premolt  period  in  Scsarnta  reticulatum  (Passano  and  Jyssum,  1963). 
h  appears  that  the  decapod  crustacean  eyestalk  neurosecretory  complex  secretes  a 
hormone  that  inhibits  the  Y-organ  from  producing  a  molting  hormone  (Passano, 
1960;  Charniaux-Cotton  and  Kleinholz,  1964).  Eyestalk  removal  or  destalking 
appears  to  result  in  the  hypertrophy  of  Y-organ  cells  as  evidenced  in  Hemigrapsus 
niuins  (Matsumoto,  1962)  and  Libinia  emarginata  (Hinsch,  1973).  Yet  an  im- 
portant consideration  is  whether  or  not  this  hypertrophy  is  indicative  of  cellular 
activity.  One  method  of  monitoring  Y-organ  activity  is  quantification  of  RXA 
synthesis  as  measured  by  the  uptake  of  a  radioactive  precursor,  3H-uridine  ( Com- 
ings, 1966;  Brasiello,  1968;  Gorell  and  Gilbert,  1969;  Foulks  and  Hoffman,  1974). 
The  following  experiment  was  designed  to  test  whether  there  is  any  statistically 
significant  difference  in  the  incorporation  rate  of  3H-uridine  into  the  Y-organ  cells 
of  a  crab  at  various  time  periods  following  bilateral  eyestalk  removal. 

MATERIALS  AND  METHODS 

Female  specimens  of  the  East  Coast  rock  crab,  Cancer  irroratns  Say,  were 
obtained  from  Sheepscot  Specimen  Company,  West  Southport,  Maine.  The  ani- 
mals were  maintained  in  a  25  gallon  Instant  Ocean  Culture  System  at  10°  to  11°  C 
and  35  to  37  ppt  salinity.  The  crabs  were  regularly  fed  fish  fillets  prior  to  the 
beginning  of  the  experiments.  The  destalking  experiments  were  undertaken  from 
October  7th  through  December  7th,  1973;  and  the  75  animals,  all  non-ovigerous, 
that  were  used  in  these  experiments  ranged  in  weight  from  40  to  148  g. 

Both  eystalks  were  removed  by  severing  them  at  their  bases  with  a  fine  pair  of 
scissors.  The  wounds  were  not  cauteri/ed  and  the  crabs  were  allowed  to  rest  12 
hours  to  recover  from  the  trauma  of  the  surgery.  A  control  group  of  animals 
(Group  1  )  was  not  destalked.  There  were  five  groups  of  bilaterally  destalked 
animals.  Groups  2  through  6.  These  animals  were  destalked  1.5,  2.5,  4.5,  7.5  and 
10.5  days,  respectively,  prior  to  being  injected  with  the  labeled  nridine.  .Both 

1  Present  address:  American  Type  Culture  Collection,  12301  Parklawn  Drive,  Rockville, 
Maryland  20852. 
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control  and  destalked  crabs  were  injected  with  aqueous  solution  of  3H-uridine 
using  a  one  ml  tuberculin  syringe  into  tbe  arthrodial  membrane  at  the  base  of  the 
4th  or  5th  left  walking  leg.  The  given  dose  was  0.25  microcuries/g  weight  ani- 
mal. The  3H-uridine  (NET  174,  New  England  Nuclear,  Boston,  Massachusetts) 
had  specific  activities  ranging  from  26.1  to  27.8  Ci./mM.  The  wound  was  cau- 
terized immediately  after  injection.  All  animals  were  sacrificed  24  hours  post 
injection.  Thus  the  time  interval  after  destalking  in  which  uridine  incorporation 
was  measured  is  one  day  later  than  the  injection  time,  i.e..  2.5,  3.5,  5.5,  8.5  and 
11.5  days  postdestalking.  Using  the  amount  of  deposition  of  new  cuticle  at  the 
time  of  sacrifice  (Passano,  1960),  all  the  control  and  experimental  animals  were 
found  to  be  in  premolt. 

A  glutaraldehyde  fixation  was  used  for  epoxy  sections.  Primary  fixation  in 
glutaraldehyde  and  postfixation  in  osmium  are  outlined  in  Hoffman  (1969).  The 
tissue  was  embedded  in  epoxy  resins  according  to  the  method  of  Luft  (1961). 
Thick  sections  approximately  0.5  to  1.5  microns  were  made  for  autoradiographs 
and  for  microscopic  examination.  In  the  latter  case,  thick  sections  were  stained 
with  Richardson's  stain  (Richardson,  Jarett  and  Finke,  1960). 

Autoradiographs  were  prepared  by  dipping  unstained  slides  into  a  50%  aque>us 
solution  of  Kodak  NTB-3  liquid  emulsion,  and  exposing  them  for  4  weeks  at  5  C  . 
They  were  developed  and  fixed  according  to  the  method  outlined  by  Bogo'och 
(1972).  The  autoradiographs  were  examined  using  phase  contrast  microscopy 
with  an  oil  immersion  lens  and  an  ocular  with  a  calibrated  grid.  The  gria  con- 
sisted of  100  squares  each  measuring  10  microns  on  a  side  at  1000  X.  Camts  of 
reduced  silver  grains  were  undertaken  over  five  randomly  selected  areas  of  each 
Y-organ.  In  each  of  these  areas,  silver  grains  were  counted  in  five  -andomly 
selected  grid  squares,  giving  a  total  of  500  square  microns  of  tissue  arei  counted. 
The  mean  silver  grain  count  for  the  five  different  areas  of  each  glam  was  then 
determined.  Background  counting  was  done  in  the  same  manner  o^r  areas  of 
epoxy  resin  without  tissue.  Background  counts  were  subtracted  fro-n  the  counts 
made  over  the  tissue.  Cell  boundaries  could  not  be  easily  distinguished  lor  direct 
measurements  of  the  cells.  Relative  cell  sizes  in  the  Y-organs  w^re  determined 
by  counting  the  number  of  nuclei  per  500  square  microns  of  tissue  using  the  same 
counting  technique  as  that  used  for  counting  the  reduced  silver  grains. 

Statistical  analysis  was  performed  on  the  differences  between  the  means  of  the 
\arious  experimental  groups.  Wherever  significant  F  values  were  found  using 
an  analysis  of  variance,  significance  \vas  tested  between  groups  using  multiple 
t-tests.  Since  the  experimental  groups  contained  unequal  lumbers  of  glands  fur- 
ther testing  was  done  using  the  Scheffe  test  (Scheffe,  195^). 

Six  Y-organs  taken  from  animals  that  had  been  de^talked  for  2.5  days  and 
then  injected  with  an  equivalent  dose  of  3H-uridine  were  incubated  in  RNAase 
with  Millonig's  phosphate  buffer  at  37°  C  for  1  hour  :n  order  to  test  whether  the 
label  was  being  incorporated  into  RNA.  The  mean  silver  grain  counts  for  these 
Y-organ  sections  (4. 00  ±1.43  S.E.)  were  statisticilly  below  the  average  mean 
count  for  the  group  destalked  for  2.5  days  (12 14  ±1.04  S.E.)  at  P  <  0.05. 
Therefore,  the  concentrated  incorporation  of  3H-uridine  into  Y-organ  cells  was 
RNAase  sensitive  and  was  considered  evidence  01  RNA  synthesis. 
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FIGURE  1.     Thick  epoxy  section  f\  /j.)   through  the  Y-organ  of  a  control    (  non-dcstalkod) 
female    specimen    of    ('oncci'    irrorutits      Note    the    numerous    osmophilic    granules    within    the 
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RESULTS 

The  Y-organs  of  Cancer  irroratns  are  found  in  the  same  anatomical  location 
as  the  Y-organs  of  Card  mis  niacnas  as  described  by  Echalier  (1959),  and  they 
conform  to  the  description  of  the  classical  Y-organ  of  Gabe  (1953).  They  are 
paired  structures,  approximately  1  to  2  mm  in  diameter,  light  milky  yellow  in 
color,  that  are  located  in  the  cephalothorax  anterior  to  the  branchial  chamber  just 
posterior  and  immediately  lateral  to  the  eyestalks.  The  glands  are  in  intimate 
contact  with  connective  and  lymphogenous  tissue  and  directly  applied  to  the  hypo- 
dermis  of  the  ventral  carapace  at  the  intersection  of  two  skeletal  ridges.  These 
ridges  form  the  insertion  of  a  small  accessory  mandibular  muscle,  the  "petit  muscle 
lateral"  of  Echalier  (1959)  under  which  lies  the  Y-organ. 

The  histology  of  the  Y-organ 

The  Y-organ  consists  of  anastomosing  cords  of  epithelial  cells  separated  by 
nuim-mus  interconnected  hemocoelic  sinuses.  Numerous  fine  capillaries  are  also 
evident  within  these  sinuses.  The  cells  have  irregularly  shaped  nuclei  approxi- 
mately 8-10  microns  in  diameter  with  peripheral  chromatin  granules  and  periph- 
eral or  centrally  located  nucleoli.  Mitotic  activity  was  not  evident  in  any  of  the 
cells.  The  cytoplasm  contains  numerous  osmophilic  granules  that  can  be  quite 
variable  in  size,  some  exceeding  one  micron  in  diameter  (Fig.  1  ).  In  glutaralde- 
hyde-fixed  tissue  that  had  not  been  postfixed  with  osmium  tetroxide,  these  granules 
appear  yellow  in  color  under  phase  contrast  microscopy.  The  yellowish  color  of 
the  gland  may  be  due  to  these  granules  since  no  pigment  cells  are  evident  in  or 
on  the  surface  of  the  gland.  The  cytoplasm  of  the  cells  can  be  quite  variable, 
ranging  from  very  homogeneously  staining  with  Richardson's  stain  to  highly  vacu- 
olated.  Cellular  limits  are  not  readily  evident  with  light  microscopy,  but  the 
cells  appear  to  range  in  size  from  15  to  20  microns. 

The  peripheral  areas  of  the  gland  show  evidence  of  cellular  degeneration  (Fig. 
2).  The  nuclei  of  these  degenerating  cells  are  ovoid  in  shape,  and  many  appear 
pycnotic  staining  intensely  with  Richardson's  stain.  The  cytoplasm  of  these  cells 
is  highly  vacuolated  containing  in  addition  numerous  osmophilic  granules.  In  a 
few  of  the  glands,  peripheral  cords  of  cells  appear  to  be  rupturing.  This  is  espe- 
cially evident  in  regions  of  cellular  degeneration. 

vacuolated  cytoplasm  of  the  cells.  Also  note  the  small  capillaries  (C)  within  the  blood 
sinuses  between  the  cords  of  cells  ;  Richardson's  stain.  The  slash  mark  represents  25  microns. 

FIGURE  2.  Thick  epoxy  section  (}£  n)  through  the  Y-organ  of  a  control  (non-destalked) 
female  specimen  of  Cancer  irrorutus.  Note  the  area  of  degeneration  with  pycnotic  nuclei  at 
the  center.  Also  the  lymphocytes  (L)  can  be  seen  within  the  blood  sinus  (S)  ;  Richardson's 
stain.  The  slash  mark  represents  25  microns. 

FIGURE  3.  Thick  epoxy  section  (1  /a)  through  the  Y-organ  of  a  3.5  day  destalked  female 
specimen  of  Cancer  irroratns.  Note  the  hypertrophied  cells  and  the  region  of  cytoplasmic 
vacuolization.  The  granular  lymphocytes  (L)  are  within  a  blood  sinus  (S)  ;  Richardson's 
stain.  The  slash  mark  represents  25  microns. 

FIGURE  4.  Thick  epoxy  section  (  1  M)  through  the  Y-organ  of  an  8.5  day  destalked  female 
specimen  of  Cancer  irroratns.  The  cells  with  vacuolated  cytoplasm  can  be  easily  differentiated 
from  those  with  non-vacuolated  cytoplasm;  Richardson's  stain.  The  slash  mark  represents 
25  microns. 
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TABLE  I 

Mean  Hiiwher  of  nuclei  and  reduced  silver  grains  counted  in  control 
and  bilaterally  destalked  animals. 


(  ,10111' 

X  umber 
of 
glan<  N 

Time  after  destalking* 
(day-.) 

Mean  number  of  nuclei 
counted  ±  <-tandurd 
error** 

Mean  number  of  reduced 
-il\  IT  grains  counted 
istandard  error** 

1° 

19 

0 

9.07  ±  0.48 

3.21  ±  0.69 

2 

16 

2.5 

7.44  ±  0.37 

6.38  ±  1.21 

3 

17 

3.5 

5.05  ±  0.32 

12.14  ±  1.04 

4 

17 

5.5 

5.46  ±  0.25 

0.18  ±0.56 

5 

18 

8.5 

6.07  ±  0.29 

2.74  ±  0.53 

6 

16 

11.5 

6.19  ±0.29 

4.52  ±  1.38 

*  Time  of  sacrifice,  24  hrs  after  injection. 
**  Per  500  sq.  microns  of  gland. 
0  Control  animals,  not  destalked. 


Sparsely  scattered  irregularly  shaped  granular  lymphocytes  are  evident 
within  the  blood  sinuses  that  separate  the  cords  of  Y-organ  cells  (Figs.  2  and  3). 
These  blood  cells  are  approximately  15  to  30  microns  in  diameter.  The  cyto- 
plasm in  many  of  these  lymphocytes  are  densely  filled  with  granules  as  to  obscure 
the  nucleus ;  whereas  in  others  few  granules  are  present.  The  granules  are  osmo- 
philic  and  are  quite  variable  in  size  as  is  the  case  of  the  granules  that  are  evident 
in  the  Y-organ  cells.  Arthropod  lymphocytes  are  known  to  be  phagocytic  ( Loch- 
head  and  Lochhead,  1941  )  ;  however,  there  is  no  evidence  of  phagocytosis  or  any 
other  association  between  the  Y-organ  cells  and  the  lymphocytes. 


Cytological  effects  of  cvcstalk  removal  on  tlie  Y-organ 

The  Y-organ  cells  of  bilaterally  destalked  animals  show  evidence  of  hyper- 
trophy, the  nuclei  appearing  larger  and  more  ovoid  in  shape  (Figs.  3  and  4). 
Because  of  the  increase  in  cytoplasmic  volume  regions  of  degeneration  and  cyto- 
plasmic  vacuolization  are  more  evident.  Osmophilic  granules  appear  within  the 
cells ;  the  numbers  of  such  cytoplasmic  granules  is  quite  variable  from  cell  to  cell. 
Table  I  gives  the  mean  number  of  nuclei  counted  for  all  glands  including  those 
from  animals  not  bilaterally  destalked.  The  Y-organs  from  the  control  group  of 
animals,  not  bilaterally  destalked,  show  a  significantly  greater  number  of  nuclei 
per  area  counted,  at  P  <  0.05,  than  the  Y-organs  from  animals  that  have  been 
bilaterally  destalked.  Tissue  sections  of  Y-organs  from  crabs  that  have  been 
destalked  for  2-3  days  (Group  2)  demonstrate  a  significantly  higher  number  of 
nuclei  than  those  destalked  for  3-4  days  (Group  3)  and  5-6  days  (Group  4),  but 
do  not  differ  significantly  from  the  last  two  experimental  groups  of  glands.  A 
smaller  number  of  nuclei  present  in  a  unit  area  of  gland  can  be  an  indication  of 
greater  cytoplasmic  volume  or  cell  hypertrophy.  Therefore,  it  can  be  assumed  that 
cellular  hypertrophy  increases  steadily  up  to  four  to  five  days  following  bilateral 
destalking  and  then  reaches  a  plateau  not  to  return  to  the  original  condition  even 
after  11  to  12  davs  after  evestalk  removal. 
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The  uptake  of  3H-uridinc  by  Y-oryan  cells  following  bilateral  eyestalk  removal 

Table  I  also  illustrates  the  result  of  reduced  silver  grain  counts  made  over 
randomly  selected  areas  of  Y-organs  in  each  group  of  destalked  and  control  ani- 
mals. Y-organs  from  animals  that  were  destalked  for  3  to  4  days  (Group  3) 
show  the  highest  number  of  reduced  silver  grains  counted ;  and  the  count  in  these 
glands  is  significanlty  higher,  at  P  C  0.05,  than  in  all  other  glands  counted. 
Y-organs  from  animals  destalked  for  2-3  days  (Group  2)  differ  significantly  only 
from  those  in  Groups  3  and  4,  but  are  significantly  higher  in  the  number  of  silver 
grains  counted  than  the  control  glands  (Group  1)  and  from  those  glands  taken 
from  animals  in  Groups  5  and  6.  Glands  from  animals  destalked  for  11-12  days 
(Group  6)  differ  significantly  from  those  in  Group  4  but  not  from  those  in  Group 
5.  There  appears  to  be  a  gradual  increase  in  the  number  of  reduced  silver  grains 
counted  up  to  3  to  4  days  following  destalking.  The  level  of  3H-uridine  incor- 
porated after  5  to  6  days  drops  below  the  level  incorporated  in  the  control  glands. 
By  day  8-9  (Group  5)  the  level  of  uptake  measured  by  silver  grain  counts  ap- 
proaches that  in  the  control  glands,  and  remains  at  that  level  even  up  to  11-12 
days  after  eyestalk  removal. 

DISCUSSION 

Although  cellular  hypertrophy  in  the  Y-organ  has  been  observed  in  the  Y-organ 
following  bilateral  eyestalk  removal  (Matsumoto,  1962;  Hinsch,  1973),  such  hyper- 
trophy in  Cancer  irrora-hts  reaches  its  maximum  level  within  the  first  four  days 
after  eyestalk  removal.  Following  this  increase  in  cell  size,  the  Y-organ  cells 
gradually  decrease  in  size,  reaching  a  level  that  remains  slightly  above  that  of  the 
controls  even  after  11  to  12  days  postdestalking.  Paralleling  the  hypertrophy  of 
the  cells,  there  is  also  demonstrated  an  increase  in  the  rate  of  RNA  synthesis. 
This  is  demonstrated  by  the  fourfold  increase  in  the  uptake  of  3H-uridine  into  the 
RNA  of  the  Y-organ  cells  during  the  first  four  days  postdestalking.  Although 
the  nature  of  the  RNA  is  unknown  from  these  experiments,  it  is  apparent  that 
some  inhibition  on  RNA  synthesis  has  been  lifted  by  the  removal  of  both  eye- 
stalks.  The  decrease  in  the  uptake  of  the  label  five  to  six  days  postdestalking  is 
not  completely  understood.  It  may  be  an  indication  of  a  certain  secretory  phase 
in  the  cycle  of  the  gland.  However,  it  is  not  a  function  of  the  type  nor  the  con- 
dition of  the  labeled  precursor  that  was  injected  into  the  animals ;  for  the  animals 
that  comprised  this  experimental  group  (Group  4)  received  injections  of  labeled 
uridine  from  the  same  sample  as  those  in  the  preceding  group  (Group  3).  The 
Y-organ  may  be  adapting  to  the  absence  of  the  inhibition  from  the  eyestalk  complex 
since  the  rate  of  RNA  synthesis  approximately  has  returned  to  the  level  of  uptake 
demonstrated  by  the  control  animals  after  nine  to  twelve  days  postdestalking. 

Madhyastha  and  Rangneker  (1972)  have  described  two  cell  types  in  the 
Y-organ  of  the  crab,  J7arnna  littcraia.  The  most  abundant  cell  type  is  a  small 
epithelial  cell  consistent  with  that  of  Cancer  irrorahts.  However,  the  second  cell 
type  is  described  as  containing  basophilic  cytoplasmic  granules  and  is  much  rarer 
in  occurrence.  It  appears  that  this  second  cell  type  may  be  representative  of 
granular  lymphocytes  which,  in  Cancer  irroratus,  can  be  found  within  the  hemo- 
coelic  sinuses  of  the  Y-organ.  When  the  cellular  cords  are  very  compact,  the 
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lymphocytes  become  compressed  against  them  and  appear  to  contribute  to  the  his- 
tology of  the  Y-organ. 

The  areas  of  cytoplasmic  vacuolization  and  cell  degeneration  in  the  Y-organ  of 
(  ancer  irroratus  may  be  evidence  of  its  mode  of  secretion.  Charniaux-Cotton, 
Zerbib  and  Meusy  (1966)  have  reported  such  degenerate  areas  in  the  androgenic 
-lands  of  crustaceans  and  state  that  they  are  evidences  of  holocrine  secretion. 
Such  described  areas  in  the  Y-organ  of  Cancer  irroratus  may  also  give  evidence 
for  holocrine  activity.  However,  no  mitotic  figures  were  evident  within  the  glands 
of  C.  irroratus;  but  Hoffman  (unpublished  observations)  has  noted  mitotic  activ- 
ity within  the  Y-organ  cells  of  destalked  specimens  of  Cancer  productus.  These 
mitotic  figures  appear  to  be  in  proximity  to  cells  with  cytoplasmic  vacuolization. 
Bressac  (1973)  has  observed  numerous  lysosomal-type  inclusion  bodies  in  the 
Y-organ  cells  of  Pachygrapsus  inariuoratus  in  electron  micrograph  studies.  The 
Y-organ  cells  of  Cancer  irroratus  of  both  control  and  destalked  animals  show  a 
variability  in  cytoplasmic  granulation.  Although  no  quantitative  measurements 
\vere  taken  of  these  grannies,  they  appear  to  be  more  numerous  in  cells  that  con- 
tain vacuolated  cytoplasm.  NovikofT  (1969,  1960)  has  noted  large  lysosmes  or 
cytolysosomes  in  dying  liver  cells  and  the  dying  cells  of  atretic  ovarian  follicles. 
Also  Scharrer  (1966)  has  reported  large  irregular  membrane  bound  bodies  up 
to  4  microns  in  diameter  within  the  degenerating  prothoracic  gland  cells  of  Lcitco- 
pliaca  and  Blabcnts  a  few7  days  after  the  final  molt.  Scharrer  believes  that  these 
bodies  represent  autophagic  vacuoles.  However,  Fawcett,  Long  and  Jones  (1969) 
have  also  described  cytoplasmic  osmophilic  granules  in  steroid  secreting  cells  and 
indicate  that  these  granules  may  be  lipicl  droplets.  Similar  type  granules  in  the 
Y-organ  cell  may  give  credence  to  the  steroidogenic  nature  of  ihe  gland.  Recently 
Bollenbacher  and  O'Connor  (1973)  have  isolated  a-ecdysone  from  the  Y-organs 
of  Pachygrapsus  crassipcs  cultured  /;/  t'ltro.  Yet,  before  any  more  definite  corre- 
lations can  be  made  concerning  the  precise  relationship  between  the  Y-organ  and 
the  method  of  synthesis  and  release  of  the  crustacean  molting  hormone,  more  histo- 
chemical  and  biochemical  data  are  needed,  especially  from  a  wide  variety  of  crus- 
taceans. 

We  wish  to  thank  Ruth  McDiffett  and  Frederick  Swarts  for  their  assistance 
with  the  statistical  analysis. 

SUMMARY 

1.  liilateral  destalking  of  Cancer  irroratns  increases  the  rate  of  RNA  synthesis 
in  the  Y-organ  cells  during  the  first  four  days  postdestalking. 

2.  The  cytoplasmic  volume  of  the  Y-organ  cells  also  increases  during  the  first 
four  to  five  days  postdestalking  and  then  drops  to  a  plateau  that  is  slightly  above 
the  volume  of  cells  from  non-destalked  control  animals. 

3.  Numerous  areas  of  cytoplasmic  vacuolization  and  cellular  degeneration  are 
evidenced  within  the  control  and  de.stalked  crabs.     It  is  postulated  that  this  may 
be  evidence  of  holocrine  activity. 

4.  The  Y-organ  cells  of  Cancer  irroratus  contain  numerous  osmophilic  granules 
both  in  control  and  destalked  animals. 
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Relatively  few  investigations  have  been  published  on  seasonal  changes  in  the 
biochemical  composition  of  marine  prosobranch  gastropods.  Blackmore  (1969) 
followed  seasonal  changes  in  the  level  of  polysaccharide,  lipid,  non-protein  and 
protein  nitrogen  in  the  limpet  Patella  vnhjata.  Several  papers  have  been  published 
on  seasonal  changes  in  the  biochemical  level  and  content  of  the  abalone  Haliotis 
cmchcrodii  (Giese,  1969;  Webber  and  Giese,  1968;  Webber,  1970).  Williams 
(1970)  followed  seasonal  changes  of  lipid  and  carbohydrate  level  in  the  periwinkle 
Litton na  littorca.  Lambert  and  Dehnel  (1974)  followed  seasonal  changes  in  the 
biochemical  level  of  several  body  components  and  in  the  digestive  gland  and  gonad 
indexes  of  Thais  lainellosa.  They  also  obtained  histological  data  on  feeding  activity 
and  gamete  maturation. 

This  investigation  deals  with  seasonal  changes  in  the  concentration  (level) 
and  absolute  quantity  (content)  of  protein,  lipid,  and  polysaccharide  in  body  com- 
ponents of  adult  T.  lamcllosa.  The  biochemical  composition  of  its  egg  capsules 
and  partitioning  of  female  energy  during  aggregation  are  also  determined.  Sea- 
sonal changes  in  the  size  of  the  body  components  (indexes)  and  respiration  rates 
of  this  population  were  previously  reported  (Stickle,  1973).  Aggregation  oc- 
curred after  November  18,  1968  and  was  completed  by  March  27,  1969.  Egg 
capsule  deposition  began  between  January  7  and  19,  1969  and  was  completed  by 
March  27,  1969.  The  accessory  reproductive  tract  of  this  species  consists  of  an 
albumin  gland  and  a  capsule  gland  which  deposit  nourishment  for  the  developing 
embryos.  Lyons  and  Spight  (1973)  followed  embryological  development  within 
the  capsule  and  found  snails  to  emerge  from  the  capsule  as  crawling  juveniles. 

METHODS  AND  MATERIALS 
Body  components 

Animals  were  collected  from  Turn  Island,  Washington  and  dissected  into 
body  components  (Stickle,  1973).  Male  soft  body  components  consisted  of  the 
visceral  mass  and  its  subdivisions  (the  testis-digestive  gland  complex  and  the  re- 
maining visceral  mass)  and  the  foot.  Female  soft  body  components  consisted  of 
the  visceral  mass  and  its  subdivisions  (the  ovary-digestive  gland  complex,  the 
capsule-albumin  gland  complex  and  the  remaining  visceral  mass)  and  the  foot. 

1  Adapted  from  portions  of  a  thesis  submitted  to  University  of  Saskatchewan,  Regina 
Campus  in  partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy. 
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Samples  from  the  November  1969  and  January,  February,  and  March  1970  col- 
lections were  not  analyzed  because  they  thawed  during  shipment  and  were  not 
considered  suitable  for  chemical  analyses. 

Level  and  content 

The  level  of  each  biochemical  class  is  presented  on  a  milligrams  per  gram  dry 
weight  basis.  Nutrient  content  is  calculated  by  multiplying  the  level  times  the 
body  component  index  and  expressing  content  in  grams.  The  component  index 
used  by  Stickle  (1973)  is  the  dry  weight  of  the  component  (X  100)  divided  by 
the  entire  snail  weight  including  the  shell  and  expressed  as  grams  per  100  gram 
animal. 

Chemical  analyses 

Individual  body  components  were  homogenized  in  diethyl-ether  with  a  Potter- 
Elvehjem  tissue  grinder.  The  homogenate  was  centrifuged  and  the  ether-lipid 
solution  was  poured  into  a  pretared  weighing  pan.  The  tissue  pellet  was  washed 
with  another  volume  of  diethyl-ether,  centrifuged  and  the  supernatant  was  added 
to  the  same  pan.  The  pan  was  reweighed  after  evaporation  of  the  diethyl  ether 
and  the  weight  of  the  residue  was  recorded  as  lipid. 

The  tissue  pellet  was  rehomogenized  in  distilled  water  to  a  final  volume  of  ten 
milliliters.  Protein  and  polysaccharide  levels  were  determined  on  aliquots  of  this 
homogenate. 

Polysaccharide  was  isolated  from  an  aliquot  of  the  homogenate  by  the  method 
of  Barnes,  Finlayson  and  Piatigorsky  (1963).  Polysaccharide  level  was  determined 
by  the  Seifter  (1950)  modification  of  the  anthrone  method.  Rabbit  liver  Type  III 
glycogen  was  used  as  a  standard. 

A  one  milliliter  aliquot  of  the  homogenate  was  precipitated  with  ten  milliliters 
of  10%  trichloroacetic  acid  (TCA)  and  centrifuged.  The  tissue  pellet  was  then 
washed  with  five  milliliters  of  5%  TCA,  centrifuged,  washed  with  five  milliliters  of 
5%  TCA  and  recentrifuged.  Protein  nitrogen  in  the  washed  precipitate  was  deter- 
mined by  standard  micro-Kjeldahl  techniques  which  included  nesslerization.  Pro- 
tein was  determined  by  multiplying  protein  nitrogen  by  6.25. 

Statistical  analyses 

Each  parameter  was  analyzed  as  the  mean  plus  and  minus  the  confidence  in- 
terval at  the  ninety-five  percent  level  of  significance. 

RESULTS 
Visceral  mass  levels 

Male  and  female  visceral  mass  protein,  lipid.  and  polysaccharide  levels  are 
given  in  Table  I.  The  protein  level  of  both  sexes  declined  sharply  during  the 
1968-69  egg  laying  period  which  lasted  from  January  through  March.  Protein 
level  was  higher  in  December,  1969  than  December,  1968.  Lipid  level  decreased 
from  a  November  prespawning  high  to  the  low  point  in  the  annual  cycle  in  Feb- 
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TABLK  I 

Biochemical  levels  of  visceral  mass  in  mg  dry  weight'1. 


Males 

Females 

Protein 

N 

Lipid 

N 

Poly. 

N 

Protein 

N 

Lipid 

N 

Poly. 

N 

Sept.  68 

384  ±  255 

12 

165  ±  23 

13 

81  ±  14 

9 

500  ±  83 

9 

141  ±  20 

11 

59  ±  14 

10 

Oct.  68 

432  ±  39 

9 

98  ±  12 

11 

92  ±  16 

9 

434  ±  28 

17 

97  ±  6 

16 

99  ±  15 

9 

Nov.  68 

456  ±  53 

9 

154  ±  20 

9 

75  ±  11 

8 

526  ±  50 

10 

143  ±  24 

10 

72  ±  9 

10 

Dec.  68 

444  ±  27 

9 

95  ±  12 

12 

67  ±  12 

12 

514  ±  214 

12 

1  12  ±  14 

12 

52  ±  13 

12 

Ian.  69 

450  ±  40 

12 

64  ±  11 

12 

58  ±  12 

1  1 

554  ±91 

10 

93  ±  11 

12 

51  ±6 

9 

Feb.  69 

362  ±  31 

12 

62  ±  15 

12 

28  ±  7 

12 

434  ±  74 

11 

99  ±  21 

12 

24  ±  9 

12 

Mar.  69 

305  ±37 

12 

86  ±  23 

12 

65  ±  15 

8 

3<>5  ±  33 

12 

80  ±  18 

12 

56  ±  20 

8 

Apr.  69 

362  ±  78 

8 

48  ±  13 

8 

39  ±  11 

8 

482  ±  83 

8 

60  ±  21 

8 

37  ±  11 

8 

May  69 

513  ±  110 

6 

61  ±  7 

8 

29  ±  10 

8 

571  ±  72 

8 

74  ±  13 

8 

28  ±  8 

7 

lune  69 

401  ±  60 

12 

76  ±  20 

12 

57  ±  11 

10 

436  ±  62 

1  1 

73  ±  17 

12 

46  ±  9 

10 

lulv  69 

475  ±  37 

10 

67  ±  14 

10 

61  ±  19 

9 

474  ±  46 

10 

67  ±  10 

10 

53  ±  17 

10 

Aue,.  69 

522  ±  40 

7 

54  ±  12 

8 

61  ±  8 

8 

453  ±  100 

8 

74  ±  17 

8 

49  ±  8 

8 

Sept.  69 

487  ±  32 

8 

141  ±37 

8 

83  ±  6 

7 

587  ±  22 

8 

125  ±  23 

8 

75  ±  11 

8 

Dec.  69 

613  ±  34 

8 

88  ±  31 

8 

91  ±  17 

8 

627  ±  57 

7 

126  ±  23 

8 

73  ±  15 

7 

ruarv.  Male  lipicl  level  increased  in  March,  which  may  have  been  due  to  resumed 
feeding  activity  or  the  sharp  concomitant  decrease  in  protein  level.  Males  tend  to 
leave  the  breeding  aggregation  and  begin  feeding  before  females.  Female  visceral 
mass  lipid  level  continued  to  decline  through  April.  Lipid  level  remained  low 
through  the  summer  months  for  both  sexes  and  increased  sharply  from  August  to 
September,  1969.  Polysaccharide  level  of  both  sexes  declined  continuously  from 
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FIGURE  1.  Male  visceral  mass  content  of  the  index,  protein,  lipid  and  polysaccharide  are 
represented  by  lines.  Vertical  lines  through  each  line  on  the  respective  sampling  dates  repre- 
sent the  ninety-five  per  cent  confidence  interval  about  that  mean  value.  The  horizontal  line 
at  the  bottom  of  the  figure  indicates  the  period  of  male  aggregation. 
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FIGURE  2.  Female  visceral  mass  content  of  the  index,  protein,  lipid  and  polysaccharide 
are  represented  by  lines.  Vertical  lines  through  each  line  on  the  respective  sampling  dates 
represent  the  ninety-five  per  cent  confidence  interval  about  that  mean  value.  The  longer  hori- 
zontal line  at  the  bottom  of  the  figure  indicates  the  period  of  aggregation  and  the  shorter  line 
represents  the  period  of  capsule  deposition. 

October  to  February.  The  sharp  increase  in  polysaccharide  level  of  both  sexes 
during  March  was  caused  by  a  concomitant  sharp  drop  in  the  protein  level.  Poly- 
saccharide level  reached  a  second  low  in  May  and  then  climbed  consistently  until 
the  fall  of  1969. 

/  'isccral  mass  content 

Male  visceral  mass  indexes  and  protein,  lipid  and  polysaccharide  contents  are 
given  in  Figure  1  and  female  data  are  given  in  Figure  2.  Protein  was  the  domi- 
nant biochemical  class  and  its  content  closely  paralleled  seasonal  changes  in  the 
visceral  mass  indexes.  Lipid  content  increased  just  prior  to  aggregation  and 
spawning  and  then  declined  during  spawning  and  the  summer  months.  It  increased 
again  during  the  fall  months.  Polysaccharide  content  changed  less  than  protein 
or  lipid  but  followed  the  same  general  pattern  as  lipid  content. 

Complex  component  level  ami  content 

Seasonal  changes  in  male  testis-digestive  gland,  remaining  visceral  mass  and 
foot  protein,  lipid  and  polysaccharide  level  and  content  are  given  in  Table  II. 
Highest  protein  levels  occurred  during  the  fall  in  the  testis-digestive  gland  and 
foot  components  and  the  lowest  level  occurred  during  the  latter  part  of  the  aggre- 
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gation  period  of  February.  Protein  level  in  the  remaining  visceral  mass  was  lowest 
during  September  concomitant  with  a  sharp  rise  in  the  polysaccharide  level.  Lipid 
\vas  much  more  concentrated  in  the  testis-digestive  gland  than  in  the  other  two 
components  with  the  maximum  level  occurring  during  the  fall  prior  to  aggregation 
and  copulation.  Polysaccharide  level  was  highest  in  the  remaining  visceral  mass 
during  the  fall  and  in  the  foot  in  September,  1969.  The  lowest  levels  in  the  re- 
maining visceral  mass  and  foot  occurred  during  February  and  May.  The  testis- 
digestive  gland  polysaccharide  level  was  lower  than  was  found  in  the  other  two 
components  throughout  the  year. 

Seasonal  changes  in  component  content  of  protein,  lipid,  and  polysaccharide 
were  predominantly  determined  by  changes  in  the  respective  indexes.  All  three 
biochemical  classes  exhibited  a  distinct  seasonal  cycle  in  the  testis-digestive  gland 
and  remaining  visceral  mass  of  being  highest  in  the  fall,  declining  during  the 
winter  and  spring,  remaining  stable  during  the  summer  and  increasing  again  in 
the  fall.  No  seasonal  cycle  of  body  indexes  existed  for  the  foot.  The  foot  was  a 
poor  depot  for  lipid  and  polysaccharide.  Foot  protein  content  was  higher  in  the 
fall  of  1969  than  in  the  same  period  of  1968. 

Seasonal  changes  in  female  ovary-digestive  gland,  capsule-albumin  gland,  re- 
maining visceral  mass  and  foot  biochemical  levels  and  contents  are  given  in  Table 
III.  Protein  level  was  highest  in  the  capsule-albumin  gland  complex.  Protein 
reached  the  lowest  level  in  the  ovary-digestive  gland,  remaining  visceral  mass  and 
foot  during  February  but  the  lowest  level  was  not  reached  in  the  capsule-albumin 
gland  until  May.  This  may  have  been  due  to  the  fact  that  capsule  deposition  was 
not  completed  until  the  end  of  March.  Protein  level  was  higher  in  all  compo- 
nents in  the  fall  of  1969  than  in  November,  1968.  Lipid  was  considerably  more 
concentrated  in  the  ovary-digestive  gland  than  in  the  other  components  and  ex- 
hibited a  distinct  seasonal  cycle  of  being  highest  before  aggregation  and  lowest 
during  spawning  (February)  and  in  May.  Polysaccharide  was  most  concentrated 
in  the  remaining  visceral  mass  where  it  exhibited  a  strong  seasonal  cycle  of  being 
highest  in  the  fall  and  declining  during  the  winter  and  spring.  Polysaccharide 
level  rose  sharply  between  May  and  September  in  the  capsule-albumin  gland,  re- 
maining visceral  mass  and  foot. 

Seasonal  changes  in  nutrient  content  were  predominantly  due  to  changes  in 
indexes.  Protein  content  was  highest  in  the  ovary-digestive  gland  where  it  ex- 
hibited a  strong  seasonal  cycle.  Capsule-albumin  gland  protein  content  increased 
sharply  from  September  to  December  while  the  content  of  the  ovary-digestive 
gland  and  remaining  visceral  mass  decreased  during  the  same  period.  Lipid  con- 
tent was  only  substantial  in  the  ovary-digestive  gland  with  the  other  three  com- 
ponents being  very  minor  lipid  depots.  Ovary-digestive  gland  lipid  content  ex- 
hibited a  definite  seasonal  cycle.  Polysaccharide  content  was  higher  in  the  ovary- 
digestive  gland  and  remaining  visceral  mass  than  in  the  capsule-albumin  gland 
and  foot.  This  was  mainly  due  to  differences  in  the  index  magnitude.  A  seasonal 
cycle  was  observed  in  all  but  the  foot. 

Biochemical  budget  for  a  female  snail  dnriuc/  capsule  deposition 

Because  female  snails  do  not  feed  while  aggregated  it  was  possible  to  partition 
the  loss  of  biomass,  protein,  lipid  and  polysaccharide  from  the  visceral  mass  into 
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TABLE  IV 

Biochemical  budget  for  a  female  snail  during  aggregation. 
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Biochem. 
class 

Mg  deposited 
per  capsule 

Capsules* 
deposited 
per  female 

Mg  deposited 
per  female 

Mg  lost 
during 
spawning 
per  female** 

Per  cent  lost 
as  spawn 
per  female 

Per  cent 
catabolized 
per  female 

Protein 

2.3 

36.2 

83.3 

166.1 

50 

50 

Lipid 
Poly. 

0.6 
0.1 

36.2 
36.2 

21.7 
3.6 

21.3 
9.1 

102 
40 

60 

*  From  Spight  (1972). 
**  From  Stickle  (1973). 


the  production  of  egg  capsules  or  the  catabolic  process  of  respiration.  Calculations 
were  based  on  the  average  female  studied  which  weighed  11.3208  grains,  and  was 
40.9  mm  long  (Stickle,  1973).  Of  the  207  milligrams  of  biomass  lost  per  female 
during  aggregation  168  milligrams,  81%  of  the  total,  were  used  for  the  production 
of  egg  capsules  and  39  milligrams,  19%  of  the  total,  were  used  for  female  ca- 
tabolism  (Stickle,  1973).  Forty-three  empty  egg  capsules  were  collected  from 
Turn  Island  after  juveniles  emerged  from  them,  dried  and  weighed.  The  average 
dry  weight  was  2.08  ±  0.18  milligrams.  Production  of  the  empty  capsules  ac- 
counted for  75.3  milligrams,  20.8  mg  per  capsule  X  36.2  capsules  per  female,  or 
36%  of  the  total  amount  of  biomass  lost  per  female.  Ninety-two  milligrams  or 
45%  of  the  amount  lost  per  female  during  aggregation  were  utilized  in  the  pro- 
duction of  embryos  and  nutritive  fluids. 

Table  IV  gives  the  results  of  the  partitioning  of  female  visceral  mass  protein, 
lipid  and  polysaccharide  content.  Protein  loss  accounted  for  80%  of  the  biomass 
lost  during  aggregation  as  compared  to  a  loss  of  10%  clue  to  lipid  depletion  and 
4%  due  to  polysaccharide  depletion.  These  values  resulted  in  a  protein: lipid: 
polysaccharide  utilization  ratio  of  18.3:2.3:1.0. 

The  biochemical  composition  of  78  freshly  laid  egg  capsules  with  an  average 
dry  weight  of  4.6  milligrams  was:  protein — 508;  lipid — 129;  polysaccharide — 23 
and  ash— 128  milligrams  per  gram  dry  weight.  The  content  of  each  constituent 
deposited  per  capsule  was  the  product  of  the  constitutent  level  and  4.6  milligrams 
per  capsule.  The  content  per  capsule  was  multiplied  by  36.2  to  give  the  quantity 
of  each  constituent  deposited  in  capsules  per  female. 

Protein  utilization  by  females  during  aggregation  was  split  evenly  between 
catabolism  and  production  of  egg  capsules.  Slightly  more  lipid  was  deposited  in 
egg  capsules  than  was  lost  from  the  female  visceral  mass  during  aggregation. 
Forty  percent  of  the  polysaccharide  lost  from  the  visceral  mass  was  deposited  in 
capsules  and  60%-  was  catabolized. 

DISCUSSION 

Seasonal  changes  in  the  biochemical  content  of  all  components,  except  the  foot, 
were  predominantly  due  to  changes  in  indexes  and  not  biochemical  level.  Many 
investigators  have  overlooked  this  fact  when  studying  seasonal  changes  in  the  bio- 
chemical composition  of  molluscs.  Giese  (1969)  has  emphasized  that  molluscs 
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lack  discrete  nutrient  storage  depots  such  as  the  vertebrate  liver,  the  stibdermal 
and  omental  adipose  tissue  of  mammals  and  the  fat  bodies  of  lower  vertebrates. 
Therefore  nutrient  storage  occurs  primarily  through  the  production  of  new  cellular 
elements.  Seasonal  shifts  in  protein,  lipid  and  polysaccharide  levels  are  merely 
reflections  of  their  relative  rates  of  synthesis  and  degradation  and  are  often  mean- 
ingless with  respect  to  seasonal  shifts  in  their  content. 

Protein  content  within  the  visceral  mass  was  much  higher  than  lipid  and  poly- 
.saccharide  content  and  it  exhibited  a  distinct  seasonal  cycle.  Lambert  and  Dehnel 
(1974)  also  found  protein  to  be  the  dominant  constituent  of  the  gonad  and  diges- 
tive gland  in  T.  lamcllosa.  Giese  (1969)  reported  protein  to  be  the  dominant 
organic  constituent  in  molluscs.  The  female  capsule-albumin  gland  had  the  highest 
protein  level  but  the  highest  content  was  found  in  the  ovary-digestive  gland. 
Protein  level  cycled  in  all  three  components  of  the  male.  Testis-digestive  gland 
and  remaining  visceral  mass  content  exhibited  a  distinct  seasonal  cycle. 

Protein  level  for  comparable  tissue  was  somewhat  lower  in  this  study  than  was 
reported  in  Lambert  and  Beimel's  (1974)  work.  Part  of  the  difference  in  the 
results  of  the  two  studies  may  have  been  due  to  methods  used.  Giese  (1966) 
pointed  out  that  protein  determinations  based  on  the  Kjeldahl  method  yield  lower 
values  than  those  obtained  from  the  Lowry  method  used  by  Lambert  and  Dehnel. 
Population  differences  also  exist.  A  population  of  snails  from  near  Juneau, 
Alaska  had  much  lower  protein  and  polysaccharide  levels  and  higher  lipid  levels 
in  the  visceral  mass  on  all  sampling  dates  than  existed  in  the  Turn  Island 
population. 

Lipid  content  was  highly  concentrated  in  the  gonad-digestive  gland  complex 
and  its  seasonal  cycle  was  mainly  due  to  index  changes.  Giese  (1969)  suggests 
that  a  lipid  value  of  5%  of  dry  weight  (==  50  mg/g)  is  a  good  estimate  of  struc- 
tural lipid.  Lipid  levels  exceed  5%  in  the  gonad-digestive  gland  complex  only 
so  that  none  of  the  other  components  acts  as  a  depot  area.  Lambert  and  Dehnel 
(1974)  found  the  lipid  level  of  both  the  digestive  gland  and  the  gonad  to  be  high 
enough  that  these  components  should  be  considered  depots.  Transfer  of  lipid 
between  the  two  components  is  unlikely  because  the  level  and  content  of  both  com- 
ponents followed  similar  trends  throughout  the  study.  Giese  (1969)  indicates 
that  an  inverse  relationship  between  these  components  provides  indirect  evidence 
that  nutrient  transfer  is  occurring. 

It  should  be  emphasized  that  the  diethyl-ether  method  used  in  the  present 
investigation  would  give  lower  values  than  the  chloroform-methanol  methods  uti- 
lized by  Giese  (1969)  and  Lambert  and  Dehnel  (l(->74).  Structural  phospho- 
lipids  are  not  soluble  in  diethyl  ether. 

Polysaccharide  levels  and  contents  were  lower  than  lipid  values  for  most  of  the 
study.  They  were  higher  in  the  remaining  visceral  mass  of  both  sexes  than  in  the 
other  components.  Values  obtained  in  this  study  for  the  gonad-digestive  gland 
complex  agree  with  those  obtained  by  Lambert  and  Dehnel  (1974)  for  the  gonad 
and  digestive  gland  analyzed  separately.  Polysaccharide  was  likely  glycogen  be- 
cause Emerson  (1965)  found  only  glucose  in  the  polysaccharide  fraction  of  whole 
T.  laiiicllosa. 

Lambert  and  Dehnel  (1974)  found  glycogen  and  protein  levels  of  the  digestive 
gland  to  increase  in  parallel  with  the  digestive  gland  index  between  April  and 
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August.  In  August  the  lipicl  level  began  to  rise,  reaching  its  maximum  level  in 
December  while  glycogen  and  protein  levels  fell.  Williams  (1970)  also  found 
changes  in  total  carbohydrate  to  occur  slightly  prior  to  changes  in  lipid  level. 
Lambert  and  Dehnel  (1974)  felt  that  lipid  must  have  been  synthesized  from 
glycogen.  They  also  stated  that  the  correlation  between  maximum  feeding  and 
peak  glycogen  levels  strongly  suggests  that  glycogen  is  not  stored  to  any  great 
extent  but  is  either  metabolized  or  converted  into  lipid  or  protein.  The  tre- 
mendous increase  in  visceral  mass  index  between  August  and  September,  1969 
was  explained  by  Stickle  (1973)  as  being  due  to  the  availability  of  optimal  size 
barnacles  for  predation  by  T.  lamellosa.  Polysaccharide  level  and  content  in- 
creased tremendously  between  May  and  September  in  the  male  remaining  visceral 
mass  and  foot.  Foot  polysaccharide  content  declined  from  September  to  December. 
A  similar  large  increase  in  polysaccharide  level  and  content  occurred  between  May 
and  September  in  the  female  capsule-albumin  gland,  remaining  visceral  mass  and 
foot.  Polysaccharide  level  and  content  did  not  change  between  September  and 
December  in  any  female  body  component.  Lipid  content  decreased  in  the  male 
visceral  mass  (testis-digestive  gland  and  remaining  visceral  mass).  Protein  con- 
tent increased  2.3  fold  in  the  female  capsule-albumin  gland  complex.  If  seasonal 
changes  in  biochemical  composition  are  based  on  content,  polysaccharide  does  not 
act  as  a  temporary  storage  pool  from  which  lipid  and  protein  are  synthesized  in 
T.  lamellosa. 

Stickle  and  Duerr  (1970)  and  Stickle  (1971)  found  T.  lamellosa  to  utilize 
whatever  substrate  was  available  at  the  time  of  starvation.  Lipid  was  present  in 
female  T.  lamellosa  during  aggregation.  As  indicated  above,  however,  it  did  not 
appear  to  be  used  as  a  source  of  energy  for  the  female  during  aggregation.  Might 
it  be  destined  for  use  in  reproductive  activity  in  a  manner  similar  to  the  function 
of  galactogen  in  the  pulmonate  Hcli.r  pomatia?  May  (1932a,  b)  found  galactogen 
to  be  present  exclusively  in  the  albumin  glands  and  in  the  eggs,  and  glycogen  ex- 
clusively in  the  rest  of  the  body.  When  starved  H.  pomatia  utilized  glycogen 
reserves  for  the  first  ten  days  before  galactogen  reserves  were  drawn  upon. 
Martin  (1961)  suggested  that  galactogen  acts  as  a  reserve  which  is  not  easily 
drawn  upon  and  enhances  the  chances  of  reproductive  success. 

The  foot  was  a  minor  depot  for  protein,  lipid  and  polysaccharide  in  T.  lamel- 
losa. Lambert  and  Dehnel  (1974)  came  to  the  same  conclusion  with  their  study 
of  T.  lamellosa.  Webber  (1970)  speculated  that  the  foot  of  H.  crachcrodii  may 
act  as  a  storage  depot  for  metabolic  demands  of  gonad  growth.  The  foot  is  a  pre- 
dominate body  component  of  H.  crachcrodii  but  only  a  minor  one  in  T.  lamellosa 
(Stickle,  1973).  Giese  (1969)  stated  that  the  molluscan  foot  can  hardly  be  con- 
sidered a  lipid  storage  organ. 

Much  of  the  protein  deposited  in  egg  capsules  was  likely  used  for  capsule  wall 
production.  Fretter  and  Graham  (1962)  summarized  the  capsule  wall  composition 
of  Niicclla  (--  Thais')  lapillus  as  being  composed  of  three  layers  of  protein  and 
a  little  mucoprotein. 

Lipid  was  present  in  much  higher  concentration  in  T.  lamellosa  capsules 
(12.9%)  than  has  been  found  in  pulmonate  and  opisthobranch  spawn.  Bayne 
(1968)  histochemically  analyzed  the  reproductive  products  of  eight  gastropods 
(six  pulmonates,  one  opisthobranch,  and  one  prosobranch).  Lipid  was  present  in 
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tin-  nutritive  fluid  of  Xiicclla  (--  Thais)  lapillits  only.  Polysaccharide  appears  to 
be  the  nutritive  substrate  deposited  for  an  energy  source  of  embryonic  pulmonate 
snails  (Bayne,  1('(>(>;  1968).  Stickle  (unpublished  data)  has  analyzed  the  repro- 
ductive products  of  five  prosobranch  species  and  five  species  of  opisthobranchs. 
Lipid  levels  are  much  higher  in  the  prosobranch  reproductive  material  (7-17% 
of  dry  weight)  than  in  that  of  opisthobranchs  (\-2c/c  of  dry  weight).  This  trend 
holds  even  when  lipid  level  is  placed  on  a  per  gram  ash  free  dry  weight  basis  be- 
cause of  the  high  ash  levels  in  the  opisthobranch  reproductive  material  analyzed 
(35-62%  of  dry  weight).  Polysaccharide  levels  were  low  for  all  species  of  proso- 
branchs  and  opisthobranchs  studied  (1-2%  of  dry  weight)  except  for  the  fresh- 
water prosobranch  Ciripanis  subpurpureus  (9%  of  dry  weight).  Protein  levels 
were  a  reflection  of  the  type  of  capsular  material  deposited  around  the  embryos. 

Basic  metabolic  differences  exist  in  the  strategies  employed  by  prosobranchs, 
pulmonates  and  opisthobranchs  to  provide  nourishment  for  embryonic  development. 
Phylogenetic,  life  history  and  environmental  modifications  of  the  biochemical  com- 
position of  gastropod  reproductive  products  have  received  little  attention  by  inves- 
tigators. The  advantage  of  using  species  which  produce  encapsulated  spawn  is 
that  it  allows  one  the  opportunity  to  determine  output  per  female  and  determine 
partitioning  of  biochemical  compounds  by  the  female  into  those  going  into  spawn 
production  and  those  used  for  female  catabolic  activity. 

Those  gastropods  which  aggregate  and  starve  while  producing  egg  capsules 
utilize  energy  for  body  maintenance  in  addition  to  producing  reproductive  products. 
The  catabolic  expenditure  by  females  during  aggregation  must  be  accounted  for 
when  determining  the  efficiency  of  alternative  reproductive  strategies.  Stickle  and 
Mrozek  (1973)  found  30%  of  the  prespavvning  soft  body  weight  of  Fusitriton 
oregonensis  to  be  lost  during  aggregation.  Calculations  from  data  presented  by 
Stickle  (1973)  indicate  34%  of  the  soft  body  weight  of  T.  hinicllosa  was  lost 
during  aggregation. 

While  there  are  no  data  available  on  the  percent  of  soft  body  weight  lost  dur- 
ing spawning  by  broadcast  fertilizing  gastropods,  data  exist  for  the  clam  Tcllina 
tennis.  Ansell  and  Trevallion  (1967)  found  the  body  weight  of  a  standard  size 
clam  to  drop  from  35  to  30  milligrams  during  spawning  which  represents  a  14% 
decline  in  body  weight. 

Additional  information  is  needed  on  the  percentage  of  soft  parts  utilized  in 
the  reproductive  effort  of  animals  using  different  reproductive  strategies.  The 
present  study  indicates  that  the  energetic  costs  of  aggregation,  starvation  and  pro- 
duction of  encapsulated  embryos  are  just  as  high  as  those  for  the  broadcast  fer- 
tilization reproductive  strategy. 

This  research  was  partially  supported  by  a  National  Research  Council  of 
Canada  research  assistantship.  I  would  like  to  extend  my  deepest  thanks  to  Dr. 
Frederick  Duerr,  my  advisor.  Special  thanks  also  go  to  Dr.  Robert  Fernald, 
former  Director  of  the  University  of  Washington's  Friday  Harbor  Laboratories  for 
the  use  of  their  excellent  facilities. 

SUMMARY 

1.  Seasonal  changes  in  protein,  lipid  and  polysaccharide  level  and  content  were 
studied  in  several  body  components  of  Thais  laincllosa.  Male  soft  body  compo- 
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nents  consisted  of  the  visceral  mass,  including  the  testis-digestive  gland  and  re- 
maining visceral  mass,  and  the  foot.  Female  soft  body  components  consisted  of 
the  visceral  mass,  including  the  ovary-digestive  gland,  capsule-albumin  gland,  and 
remaining  visceral  mass,  and  the  foot. 

2.  Seasonal  changes  in  protein,  lipid  and  polysaccharide  content  in  body  com- 
ponents, except  the  foot,  were  predominantly  due  to  changes  in  indexes  and  not 
biochemical  level.     The  foot  was  not  important  as  a  depot  for  any   of  the  bio- 
chemical constituents.     Protein  was  the  dominant  constituent  in  the  visceral  mass, 
lipid  was  intermediate  in  level  and  content  and  polysaccharide  level  and  content 
were  lowest. 

3.  The  gonad-digestive  gland  complex  was  a  lipid  depot  for  both  sexes.     No 
other  body  component  of  either  sex  served  as  a  lipid  depot. 

4.  The  ovary-digestive  gland  lipid  content  was  at  its  maximum  value  in  Sep- 
tember but  the  capsule-albumin  gland  protein  content  did  not  reach  its  maximum 
value  until  December  when  it  was  2.3  times  the  September  value.     The  accessory 
reproductive  tract  reaches  its  maximum  size  just  prior  to  capsule  deposition. 

5.  The  ratio  of  protein: lipid: polysaccharide  content  lost  from  the  female  vis- 
ceral mass  during  aggregation  was   18.3:2.3:1.0.     Protein  loss  was   split   evenly 
between  female  catabolism  and  egg  capsule  production.     Lipid  loss  went  entirely 
to  egg  capsule  production.     Polysaccharide  loss  was  split  between  female  catabo- 
lism and  egg  capsule  production. 

6.  Individuals  interested  in   the  efficiency  of  alternate  reproductive   strategies 
must  consider  the  costs  of  aggregation  and  capsule  wall  deposition  to  species  uti- 
lizing this  type  of  strategy.    Energetic  costs  of  aggregation,  starvation  and  produc- 
tion of  encapsulated  embryos  are  just  as  high  as  costs  involved  in  broadcast  fer- 
tilization among  molluscs. 
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Although  they  are  directly  involved  in  the  important  process  of  shedding  ga- 
metes, the  gonoducts  of  asteroids  have  been  described  in  structural  terms  for  only 
a  few  species.  In  fact,  the  question  of  whether  gonoducts  exist  in  some  sea-stars 
was  debated  for  many  years  (Miiller  and  Troschel,  1842;  Greeff,  1872;  Hoffman, 
1872;  and  Ludwig  and  Hamann,  1899).  Those  investigators  who  have  studied 
the  gonoducts  of  asteroids  consider  either  the  morphology  or  the  histology  of  only 
limited  regions  of  the  duct.  The  general  orientation  of  the  gonoduct  in  the  ray  is 
outlined  by  Miiller  and  Troschel  (1842)  for  Astcn'as  rub  ens  and  Crossastcr  pap- 
posns,  by  M.  Sars  (1861)  for  Ptcrastcr  pnlvilhis  and  P.  inilitaris,  by  Cuenot 
(1887)  for  Marthastcrias  glacialis,  and  by  Richters  (1912)  for  Linckia  multiforis. 
The  histology  of  the  gonoduct  is  described  in  a  preliminary  way  by  Ludwig  (1878) 
for  Astcrina  pentagona,  by  Hamann  (1885)  for  Astcrias  rubcns,  and  by  Gemmill 
(1911,  1912,  and  1914)  for  Solastcr  cndcca  and  Astcrias  rubcns.  Some  details  of 
the  nature  of  the  epithelial  cells  of  the  gonoduct  of  Asterina  gibbosa  are  revealed 
in  the  ultrastructural  studies  of  Brusle  (1969).  The  present  work,  dealing  with 
Asterias  vulgaris,  gives  a  detailed  description  of  the  morphology  and  histology  of 
the  entire  gonoduct;  observations  are  made  on  the  reproductive  systems  of  im- 
mature and  mature  specimens  of  both  sexes.  Such  information,  provided  by  inte- 
grating morphological  and  histological  observations,  will  serve  as  a  basis  for  com- 
parison with  the  gonoducts  of  other  asteroids  and  is  necessary  in  interpreting  the 
activities  of  this  important  part  of  the  reproductive  system. 

MATERIALS  AND  METHODS 
Procedures  for  sc.i'itallv  mature  specimens 

Twenty-five  of  the  sea-stars  used  in  this  study  are  the  same  specimens  ob- 
tained in  "major  collections"  and  studied  in  an  earlier  work  concerning  the  mor- 
phology and  histology  of  the  wall  of  the  gonad  of  Asterias  rulgaris;  methods  of 
identifying,  measuring,  dissecting,  fixing,  embedding,  and  sectioning  these  speci- 
mens have  already  been  described  in  some  detail  (Walker,  1974).  Two  inter- 
radii  from  each  of  these  specimens  were  stained  for  use  in  studies  of  the  morphol- 
ogy and  histology  of  the  gonoduct.  One  entire  interradius  was  stained  with 
Mallory's  Phosphotungstic  Acid  Haematoxylin  (FT AH)  (Lillie,  1965)  for  ob- 
servations on  the  general  histology  of  the  gonoduct.  Wherever  possible,  the 
number  of  subsidiary  gonoducts  (see  observations)  in  each  unit  of  the  reproductive 

1This  paper  represents  part  of  a  thesis  submitted  to  the  Graduate  School  of  Cornell 
University  in  partial  fulfillment  of  the  requirements  for  the  degree  of  Master  of  Science. 
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system  was  recorded.  The  2  gonoducts  in  another  interradius  were  stained  with 
aldehyde  fuchsin  (Cameron  and  Steele,  1959)  to  indicate  the  presence  of  elastic 
connective  tissue  in  the  gonoduct. 

Collection  of  small  sea-stars 

Tn  addition  to  the  25  sexually  mature  specimens  from  the  "major  collections," 
54  small  sea-stars,  with  R  values  (R  is  the  length  from  the  center  of  the  disc  along 
the  ahoral  surface  of  the  ray  to  the  tip  )  ranging  from  8  to  24  mm,  were  collected 
from  a  variety  of  locations  on  the  windward  side  of  Star  Island,  New  Hampshire. 
Thirty  were  identified  as  Asterias  •t'lilt/aris  on  the  hasis  of  their  major  pedicellariae, 
which  were  of  the  elongate  pointed  variety  characteristic  of  this  species.  These 
specimens  were  fixed  and  decalcified  in  Bouin's  fluid,  dehydrated  in  ethanol,  embed- 
ded in  paraffin  in  a  vacuum  oven,  and  sectioned  at  9  to  12  /A.  All  specimens  were  rou- 
tinely stained  with  PTAH  and  were  used  to  investigate  the  development  of  the 
gonoduct. 


//T<u'  model 

To  aid  in  visualizing  the  complicated  structural  details  of  Region  A  of  the 
gonoduct  (see  observations ) ,  a  three-dimensional  wax  model  was  constructed  for 
a  sexually  mature  specimen  of  each  sex.  The  model  was  based  on  40  serial 
longitudinal  sections  of  the  gonoduct  that  had  all  been  stained  with  PTAH.  A 
greatly  enlarged  wax  section  was  cut  to  conform  to  the  projected  image  of  each 
histological  section  (Sack,  1966)  ;  the  wax  sections  were  then  carefully  assembled 
and  studied. 

OBSERVATIONS 

The  reproductive  system  of  normal  5-rayed  specimens  of  Asterias  vnlgaris 
consists  of  10  separate  units,  each  including  a  gonad,  genital  branches  of  the  aboral 
haemal  and  coelomic  (perihaemal)  rings,  and  a  gonoduct  (Fig.  1).  Two  units 
are  found  in  a  ray,  one  attached  to  either  side  above  the  supramarginal  ossicles. 
The  gonad  is  a  single  large  bag-like  structure  that  is  composed  of  two  distinct 
groups  of  tissues,  the  outer  and  inner  sacs ;  the  genital  branches  of  the  aboral 
haemal  and  coelomic  (perihaemal)  rings  which  extend  from  the  disc  to  the  gonad 
are  continuous  with  the  haemal  and  genital  coelomic  (perihaemal)  sinuses,  re- 
spectively, that  are  important  features  in  the  structure  of  the  wall  of  the  gonad 
(Walker,  1974). 

The  gonoduct  forms  rather  late  in  the  life  of  the  sea-star.  In  the  specimens 
of  Asterias  vult/aris  examined  in  this  study,  no  trace  of  gonoducts  was  evident  in 
specimens  smaller  than  14  mm  ray-length.  When  the  gonoduct  is  first  apparent 
in  animals  ranging  from  15-18  mm  ray-length,  it  is  represented  by  a  knob  of  tissue 
at  the  upper  or  aboral  end  of  the  gonad  (Fig.  2)  ;  even  in  animals  of  this  size 
all  10  gonoducts  do  not  begin  to  form  at  the  same  time.  In  this  study,  the  gono- 
duct was  first  recognizable  as  a  completed  structure  in  animals  with  rays  measuring 
34  mm,  where  it  is  a  tube  with  a  single  external  opening.  From  its  orifice  within 
the  gonad,  the  gonoduct  passes  through  the  stalk  suspending  the  gonad  and  is 
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FIGURE  1.  Diagrammatic  representation  of  one  unit  of  the  reproductive  system  of  Astcrias 
rulijaris,  showing  its  major  components:  the  gonad,  the  gonoduct,  and  genital  branches  of  the 
aboral  haemal  and  coelomic  (perihaemal)  rings.  The  gonad  is  shown  in  external  view,  while 
the  rest  of  the  unit  is  shown  in  longitudinal  section.  The  proportions  of  various  parts  of  the 
unit  are  not  representative  of  their  actual  dimensions,  as  several  areas  are  magnified  for 
clarity.  Regions  A,  B,  C,  and  D  of  the  gonoduct  are  shown  in  the  diagram.  Symbols  used 
are:  C,  coelom ;  CP  ;  coelomic  pocket;  DB,  dermal  branchiae;  DR,  dermis ;  EE,  external  epi- 
thelium; G,  gonad;  GCS,  genital  coelomic  (perihaemal)  sinus;  GCT,  connective  tissue  of  the 
gonoduct;  GHS,  genital  haemal  strand;  GP,  gonopores ;  IS,  inner  sac  of  the  gonad;  L,  lumen 
of  the  gonad;  OS,  outer  sac  of  the  gonad;  SCT,  subperitoneal  connective  tissue;  SP,  spine  on 
a  dorsolateral  ossicle. 

thereafter  intimately  associated  with  various  tissues  in  the  wall  of  the  ray.  As  it 
passes  from  the  gonad  to  the  body  wall,  the  gonoduct  accompanies  genital  branches 
of  the  aboral  haemal  and  coelomic  (perihaemal)  rings,  and  it  follows  these  proxi- 
mally  and  aborally  for  a  variable  distance ;  in  section  this  relationship  appears  as 
in  Figure  3.  The  gonoduct  soon  loses  its  relationship  with  the  genital  branches 
of  the  aboral  haemal  and  coelomic  (perihaemal)  rings  and  enters  a  pocket  in  the 
body  wall  that  is  continuous  with  the  general  perivisceral  coelom  (Figs.  1  and  4, 
CP)  ;  this  coelomic  pocket  leads  toward  the  surface  of  the  ray  and  subdivides  to 
form  the  lumina  of  several  dermal  branchiae  (Fig.  1,  DB).  It  is  lined  by  typical 
parietal  peritoneum  underlain  by  a  layer  of  collagenous  connective  issue,  called 
the  subperitoneal  connective  tissue  layer  (Walker,  1974)  ;  the  gonoduct  passes 
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I'll, i  KK  2.  Section  of  the  wall  of  the  ray  (  R  —  IS  nun),  showing  a  sexually  immature 
gonad  and  the  hud  of  the  gonoduct  (PTAH).  Symbols  used  are:  C,  coelom ;  DR,  dermis: 
G,  gonad;  GD,  gonoduct. 

KN.I  KK  .1.  Section  of  the  wall  of  the  ray  near  the  point  of  attachment  of  the  gonad, 
.>ho\\  ing  the  relationships  of  the  gonoduct  and  genital  branches  of  the  ahoral  haemal  and 
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along  one  wall  of  the  coelomic  pocket  within  the  subperitoneal  connective  tissue 
(Figs.  1  and  4,  SCT).  It  is  by  means  of  this  pocket  that  the  gonoduct  is  brought 
near  the  surface  of  the  ray  without  actually  making  its  way  independently  through 
the  entire  dermis.  In  the  region  where  dermal  branchiae  first  branch  from  the 
coelomic  pocket,  the  gonoduct  leaves  the  subperitoneal  connective  tissue  of  the 
pocket,  penetrates  the  dermis,  and  passes  the  remaining  distance  to  the  external 
epithelium.  Within  the  dermis  of  young  animals,  the  gonoduct  forms  a  tube  with 
a  single  lumen  that  is  continuous  to  the  outside ;  in  older  animals  subsidiary  gono- 
ducts  form  from  the  primary  duct  and  each  passes  separately  to  the  surface  of  the 
ray.  Subsidiary  ducts  may  also  be  subdivided;  one  male  specimen  (R  '-  56  mm) 
examined  in  this  study  had  17  distinct  subsidiary  gonoducts  associated  with  one 
gonad.  The  number  of  such  ducts  in  one  reproductive  unit  bears  no  relationship 
to  that  in  any  other  unit  in  the  same  sea-star. 

Unlike  the  conspicuous  gonopores  of  Marthasterias  glacialis  (Cuenot,  18(87) 
or  those  of  Lcptastcrias  groenlandica  (Lieberkind,  1920),  which  are  set  on  knobs 
of  epithelium,  the  gonopores  of  Asterias  rnlgaris  are  flush  with  the  surface  of  the 
ray  and  are  extremely  difficult  to  distinguish  with  the  unaided  eye.  Only  during 
or  just  after  spawning  are  they  readily  observable.  They  open  aborally  on  the 
interradial  surface  of  the  ray  in  an  interossicular  space  which  is  penetrated  by 
several  dermal  branchiae.  The  dermal  branchiae  open  internally  into  a  coelomic 
pocket  which  is  located  below  the  space.  The  interossicular  space  is  one  of  hun- 
dreds present  in  the  body  wall  and  is  bounded  orally  by  supramarginal  ossicles 
and  aborally  by  two  to  many  dorsolateral  ossicles  (Fig.  5).  Gonopores  found 
within  the  space  bounded  by  these  ossicles  open  in  the  external  epithelium  covering 
either  the  space  or  the  dorsolateral  ossicles  themselves. 

In  terms  of  its  histology,  the  gonoduct  is  an  extension  of  the  inner  sac  of  the 
gonad  (Fig.  1,  IS)  (Walker.  1974).  The  tubular  duct  is  composed  of  an  outer 
connective  tissue  layer  that  is  continuous  with  the  inner  and  outer  walls  of  the 
haemal  sinus  of  the  gonad  and  also  an  inner  epithelial  layer  which  is  continuous 
with  the  germinal  epithelium  of  the  gonad.  No  genital  haemal  strand  lies  within 
the  connective  tissue  of  the  gonoduct  and  neither  muscle  nor  nerve  fibers  are  rec- 
ognizable among  the  epithelial  cells  lining  the  gonoduct. 

coelomic  (perihaemal)  rings  (PTAH).  Symbols  used  are:  C,  coelom ;  DR,  dermis;  GCS, 
genital  coelomic  (perihaemal)  sinus;  GD,  gonoduct;  GHS,  genital  haemal  strand;  SCT,  sub- 
peritoneal  connective  tissue  layer. 

FIGURE  4.  A  section  of  the  wall  of  the  ray,  showing  the  relationship  of  the  gonoduct  and 
a  coelomic  pocket  (PTAH).  The  X  marks  a  large  region  formed  as  tissues  have  lost  their 
normal  connection  to  the  dermis.  Symbols  used  are:  CP,  coelomic  pocket;  DR,  dermis;  GD, 
gonoduct ;  SCT,  subperitoneal  connective  tissue  layer. 

FIGURE  5.  Diagrammatic  representation  of  the  inner  lateral  wall  of  the  ray  showing  an 
interossicular  space  and  also  the  relationship  of  the  gonad  and  the  gonoduct  to  the  ossicles  of 
the  ray.  Symbols  used  are:  DB,  dermal  branchiae;  DL,  dorsolateral  ossicles;  G,  gonad;  GD, 
gonoduct :  SM,  supramarginal  ossicles. 

FIGURE  6.  Cross-section  of  Region  B  of  the  gonoduct ;  notice  the  dark  staining  folded 
connective  tissue  layer  (Aldehyde  fuchsia).  The  arrow  indicates  a  vacuolated  cell.  Symbols 
used  are:  CP,  coelomic  pocket;  DR,  dermis;  EG,  epithelium  of  the  gonoduct;  GCT,  connective 
tissue  of  the  gonoduct ;  GL,  lumen  of  the  gonoduct. 

FIGURE  7.  Cross-section  of  Region  C  of  the  gonoduct,  showing  the  typical  disposition  of 
the  epithelial  and  connective  tissue  layers  (PTAH).  The  arrow  indicates  a  vacuolated  cell. 
Symbols  used  are:  DR,  dermis;  EG,  epithelium  of  the  gonoduct;  GL,  lumen  of  the  gonoduct. 
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The  outer  connective  tissue  layer  is  characteristically  thrown  into  ridges  which 
run  longitudinally  along  the  length  of  the  gonoduct ;  the  fibers  of  this  layer  also 
run  longitudinally  along  the  axis  of  the  duct,  and  they  stain  darkly  with  aldehyde 
fuchsin  (Fig.  6).  Toward  the  lumen  of  the  gonoduct,  these  ridges  of  connective 
tissue  support  the  epithelium  of  the  gonoduct  which  is  composed  of  common  flagel- 
lau-d  and  scattered  vacuolated  cells  (Figs.  6  and  7,  EG  and  arrows).  The  flagel- 
lated cells  form  a  pseudostratified  epithelium  of  crowded  columnar  cells,  often 
with  extremely  attenuated  bases.  Nuclei  are  usually  ovoid  with  their  long  axes 
oriented  perpendicularly  to  the  basement  membrane.  At  its  free  end,  each  cell 
bears  a  single  flagellum  that  rises  from  a  distinct  basal  body.  In  favorable  prepa- 
rations, a  clear  brush  border  of  microvilli  is  evident.  The  vacuolated  cells  are 
found  along  the  length  of  the  gonoduct  of  either  sex  among  the  much  more  com- 
mon flagellated  cells.  Typically,  each  contains  a  large  ovoid  vacuole,  with  maxi- 
mum dimensions  of  5  /A  X  12  /./,,  which  may  be  located  at  any  height  in  the  layer 
of  cells.  Often  these  vacuoles  appear  to  open  into  the  lumen  of  the  gonoduct. 

To  facilitate  further  description,  the  gonoduct  has  arbitrarily  been  divided  into 
four  regions  along  its  length  (  Fig.  1  ;  A,  B,  C,  and  D  ). 

Region  A:  although  this  is  the  shortest  portion  of  the  gonoduct  it  is  at  the 
same  time  the  most  complex  in  terms  of  the  relationships  of  its  connective  tissue 
and  in  terms  of  the  complexity  of  its  epithelial  layer.  This  is  an  area  of  transition 
between  the  tissues  of  the  inner  sac  of  the  gonad  and  those  of  the  gonoduct.  It 
is  in  this  region  that  the  gonoduct  first  forms  an  association  with  the  subperitoneal 
connective  tissue  layer.  The  stalk  suspending  the  gonad  is  a  cylinder  of  connective 
tissue  which  is  continuous  between  the  connective  tissue  of  the  outer  sac  of  the 
gonad  and  the  subperitoneal  connective  tissue  of  the  body  wall.  As  the  gonoduct 
passes  through  this  cylinder,  its  connective  tissue  fibers  become  firmlv  knitted 
on  one  side  to  those  of  the  stalk;  later,  in  Region  B.  the  gonoduct  is  completely 
surrounded  by  the  subperitoneal  connective  tissue  layer  (Fig.  1). 

The  epithelium  lining  the  lumen  of  the  gnnoduct  in  Region  A  is  extremely 
complex  and  only  a  preliminary  account  of  its  nature  is  given  here.  A  short  zone 
of  transitional  epithelium  lies  between  the  epithelium  of  the  gonoduct  and  the 
germinal  epithelium  (Fig.  S,  TF).  The  following  observations,  made  on  the  epi- 
thelium of  the  gonoduct,  are  based  both  on  wax  models  and  on  serial  sections  of 
Kegion  A.  The  opening  of  the  gonoduct  into  the  lumen  of  the  gonad  is  incon- 
spicuous; it  is  formed  by  several  slit-like  openings  which  are  surrounded  by  a 
group  of  concentric  circular  ridges  of  transitional  epithelium.  Within  the  gono- 
duct, a  series  of  imbricating  ridges  of  epithelium  project  into  the  lumen  of  the 
duct  (Figs.  8  and  ()).  The  lumen  of  the  duct  meanders  among  these  ridges  and 
in  its  circuitous  coiir.se  gives  off  blind  sacs.  There  follows  a  series  of  ridges 
formed  of  epithelium  that  spiral  along  the  axis  of  the  gonoduct  and  that  eventually 
fade  away  leaving  the  simple  unobstructed  lumen  of  Region  B.  The  arrangement 
of  the  epithelial  layer  of  the  gonoduct  in  Region  A.  described  above,  is  obvious 
in  all  mature  specimens  examined.  It  is  not  apparent  at  all  in  very  young  animals; 
in  slightly  older  but  still  immature  specimens  it  is  represented  by  a  region  of  thick 
epithelium  that  occludes  the  lumen  of  the  gonoduct. 

Region  B:  in  contrast  to  Region  A,  this  is  the  longest  section  of  the  gonoduct 
and  also  the  simplest  in  terms  of  its  relationships  to  the  ray  and  of  the  complexity 
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FIGURE  8.  A  longitudinal  section  of  the  gonoduct  where  it  opens  into  the  lumen  of  the 
gonad,  showing  the  ridges  of  epithelium  of  Region  A  of  the  gonoduct,  CR  (PTAH).  Notice 
the  continuity  between  the  germinal  epithelium  of  the  gonad  and  the  epithelium  of  the  gono- 
duct with  transitional  epithelium  intervening.  Symbols  used  are :  GCS,  genital  coelomic 
(perihaemal)  sinus;  GE,  germinal  epithelium  of  the  gonad;  GHS,  genital  haemal  strand;  L, 
lumen  of  the  gonad;  PO,  primary  oocyte ;  TE,  transitional  epithelium  of  the  gonoduct. 

FIGURE  9.  Photograph  of  a  wax  model  reconstructed  from  serial  sections  of  the  gonoduct 
in  Region  A  (female).  Notice  the  primary  oocyte  which  has  a  diameter  of  about  150  /j,. 
Symbols  used  are:  CR,  cross-ridges  of  epithelium  in  Region  A  of  the  gonoduct;  GHS,  genital 
haemal  strand ;  M,  mouth  of  the  gonoduct ;  PO,  primary  oocyte ;  TE,  transitional  epithelium. 

FIGURE  10.  Longitudinal  section  of  the  terminal  portion  of  the  gonoduct  in  Region  D, 
showing  a  subsidiary  gonoduct  opening  at  the  surface  of  the  ray  (PTAH).  Notice  the  distinct 
change  in  the  epithelia  just  inside  the  mouth  of  the  gonoduct  (arrow)  ;  the  opening  to  ex- 
ternal environment  is  lined  by  the  external  epithelium  and  not  by  the  epithelium  of  the  gono- 
duct. Symbols  used  are :  DR,  dermis  ;  EE,  external  epithelium ;  EG,  epithelium  of  the  gono- 
duct ;  GL,  lumen  of  the  gonoduct. 

of  its  tissues  (Figs.  1  and  6).  Throughout  this  region,  the  gonoduct  is  enclosed 
by  the  subperitoneal  connective  tissue  of  the  body  wall.  Here,  as  in  Region  A, 
the  connective  tissue  fibers  of  the  gonoduct  run  longitudinally  parallel  to  the 
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lumen,  and  the  layer  that  they  constitute  is  thrown  into  longitudinal  folds.  These 
fold.-  are  irregularly  rounded,  some  being  very  short  and  others  long  and  slender, 
rising  into  the  epithelial  layer  (Fig.  6).  In  the  epithelial  layer,  flagellated  cells 
ride  the  crests  and  troughs  of  the  underlying  connective  tissue,  hut  their  free  ends 
all  rise  to  a  common  level  giving  a  fairly  uniform  surface  to  the  lumen.  To  accom- 
plish this,  some  of  the  cells  are  much  taller  than  others;  the  hases  of  the  tallest 
cells  are  very  slender,  often  appearing  as  mere  fibers. 

Regions  C  and  D:  after  proceeding  for  a  variable  distance  along  the  coelomic 
pocket  within  the  subperitoneal  connective  tissue  layer,  the  gonoduct  finally  pene- 
trates the  wall  of  the  ray.  Upon  doing  so  its  connective  tissue  is  bound  in  a  new 
relationship  with  the  dermis.  All  tissue  layers  of  the  gonoduct  are  similar  in 
Regions  C'  and  D  and  with  few  exceptions  are  identical  to  those  seen  in  Region  B. 
In  Region  C,  the  gonoduct  often  appears  roughly  circular  in  cross-section,  but 
usually  Rattens  into  a  narrow  tube  near  Region  D  where  it  is  divided  into  sub- 
sidiary gonoducts.  The  subsidiary  ducts  have  variable  diameters,  and  it  is  usually 
impossible  to  determine  which  represents  the  primary  gonoduct.  There  may  be 
one  or  two  main  ducts,  or  all  may  be  large,  or  all  diminutive.  Characteristically, 
the  diameter  of  the  lumen  decreases  as  the  ducts  approach  the  surface  of  the  ray. 
Gonoducts  of  very  small  diameter  may  appear  to  lack  a  distinct  connective  tissue 
layer,  and  these  have  an  epithelium  composed  of  a  single  layer  of  columnar  cells. 
The  gonopores  are  difficult  to  detect  because  the  external  epithelium  is  pursed  over 
their  openings. 

DISCUSSION 

In  spite  of  their  small  size,  the  gonoducts  of  wisterias  i'til</ans  are  structurally 
complex  ;  some  striking  similarities  and  significant  differences  in  morphology  and 
histology  can  be  brought  out  by  comparing  the  gonoduct  in  wisterias  rnl</aris  with 
those  in  other  sea-stars  that  have  been  described  by  previous  investigators. 

As  mentioned  earlier,  each  gonoduct  of  a  sexually  mature  specimen  of  either 
sex  of  Astcrias  vulgaris  extends  from  the  gonad  to  the  body  wall  as  a  single  tube 
and  then  becomes  subdivided  to  form  subsidary  ducts  that  open  separately  in  the 
external  epithelium.  This  arrangement  of  the  gonoduct  was  noticed  in  .Istcrias 
nibcus  by  Aluller  and  Troschel  (184_?»  and  is  presumably  found  in  other  members 
of  the  Asteriidae  ;  it  may  be  characteristic  of  sea-stars  in  other  families  as  well, 
although  such  information  is  not  available.  In  other  asteroids,  the  gonoducts  are 
arranged  quite  differently.  In  Sulastcr  cndcca,  for  example,  many  ducts  are 
present,  and  each  arises  from  a  separate  tubule  of  the  tuft-like  gonad  of  this 
organism.  These  ducts  pass  to  the  body  wall  where  they  may  fuse  to  form  only 
one  or  a  few  main  ducts  that  open  in  the  external  epithelium  (Gemmill,  l('ll, 
I'MJ).  In  Cfossastct'  papposits,  .-eparate  gonoducts  extend  from  each  tubule  of 
the  tuft-like  gonad  to  the  body  wall,  but  these  do  not  fuse  and  consequently  many 
gonoducts  pass  through  the  body  wall  and  open  in  the  external  epithelium  ((iem- 
mill,  1911).  It  is  unfortunate  that  so  little  information  is  available  concerning 
the  arrangement  of  the  gonoduct  in  other  sea-stars;  such  information  might  be 
useful  in  correlating  the  form  of  the  gonoduct  with  its  function  in  sea-stars  with 
different  methods  of  reproduction. 
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The  association  of  the  gonoduct  with  a  coelomic  pocket  found  in  the  wall  of 
the  ray  occurs  in  many  sea-stars.  In  Astcrias  ntli/aris  ( Forcipulata,  Asteriidae), 
as  mentioned,  the  coelomic  pocket  is  one  of  hundreds  of  similar  structures  opening 
into  the  coelom  and  extending  through  the  body  wall  to  form  dermal  branchiae. 
The  gonoduct  profits  from  its  relationship  with  the  subperitoneal  connective  tissue 
layer  of  the  pocket  by  being  conducted  nearer  the  surface  of  the  ray  to  the  point 
where  it  opens  in  the  external  epithelium.  Ludwig  (1877)  provides  an  illustration 
of  such  a  relationship  in  EcJiinastcr  fulla.v  (Spinulosa,  Echinasteridae),  although 
he  does  not  mention  it  in  his  text.  Cuenot  (1887)  noticed  this  relationship  in 
several  species  of  asteroids  and  believed  that  it  was  of  considerable  significance. 
He  illustrates  this  association  as  it  appears  in  Marthasterias  f/lacialis  (Forcipulata, 
Asteriidae)  and  mentions  its  occurrence  in  Crossastcr  pap  posits  (Spinulosa,  So- 
lasteridae)  and  Astcrias  ntbeiis  (Forcipulata,  Asteriidae).  Richters  (1912),  in 
his  study  of  Liuck'ui  umltiforis  (  Phanerozonia,  Linckiidae),  gives  an  excellent  fig- 
ure accompanied  by  a  text  description  indicating  that  in  the  serial  gonads  of  this 
species,  the  gonoduct  extending  from  each  gonadal  tuft  is  associated  with  a  coelomic 
pocket.  It  is  thus  apparent  that  the  relationship  between  the  gonoduct  and  a 
coelomic  pocket  is  similar  in  many  distantly-related  species  of  asteroids;  in  many 
sea-stars,  however,  such  a  relationship  has  not  been  reported. 

In  developmental  terms,  there  is  sound  rationale  for  close  association  of  the 
gonoduct  with  a  coelomic  pocket  in  the  wall  of  the  ray.  In  Astcrias  I'lil/jaris, 
by  the  time  the  gonoduct  begins  to  form,  the  dermis  is  already  quite  thick  and 
tough.  Presumably,  it  is  much  easier  for  the  growing  gonoduct  to  burrow  along 
the  wall  of  the  ray  in  the  subperitoneal  connective  tissue  following  this  layer  into 
a  coelomic  pocket,  than  to  penetrate  directly  through  the  entire  dermis  of  the  ray. 
Near  the  dermal  branchiae  the  connective  tissue  layer  becomes  thin,  and  only  there 
does  the  gonoduct  enter  the  dermis.  Because  of  the  widespread  occurrence  of  this 
association  between  the  gonoduct  and  a  coelomic  pocket  in  asteroids,  it  is  likely 
that  the  gonoduct  may  develop  similarly  in  sea-stars  where  it  is  arranged  as  it  is 
in  Astcrias.  Obviously,  where  such  a  relationship  is  absent  the  developing  gono- 
duct must  reach  the  surface  of  the  ray  in  some  other  way. 

A  relationship  between  the  gonoduct  and  a  coelomic  pocket  in  the  wall  of  the 
rav  is  certainlv  not  without  functional  significance  in  the  adult  sea-star.  In  As- 

- 

tcrias  ?'iil</aris  the  folded  elastic-like  connective  tissue  and  the  crowded  columnar 
epithelium  of  the  gonoduct  are  capable  of  extreme  expansion.  Rapid  release  of 
gametes  is  facilitated  by  this  expansion  and  would  be  impossible  if  the  gonoduct 
passed  through  the  entire  body  wall  bound  tightly  in  connective  tissue  on  all  sides. 
Considerable  space  is  provided  for  such  expansion  since  the  gonoduct  with  its  en- 
casing subperitoneal  connective  tissue  is  anchored  firmly  to  the  dermis  on  one  side 
only  and  extends  freely  into  the  coelomic  pocket  elsewhere. 

The  epithelial  ridges  found  near  the  orifice  of  the  gonoduct  within  the  gonad 
(Region  A)  are  another  feature  of  the  structure  of  the  gonoduct  of  Astcrias  mi- 
ff arts  that  was  recognizable  in  both  sexes  of  all  mature  specimens  observed.  These 
ridges  have  never  been  mentioned  in  the  literature  on  asteroids  ;  in  fact,  Gemmill 
(1914)  makes  a  point  of  stating  that  no  barriers  are  present  which  would  prevent 
spawning  in  females  of  Astcrias  rubcns.  Only  Richters  (1912)  indicates  such 
ridges  in  a  figure  of  a  sectioned  gonad  and  gonoduct  of  Liuckia  umltiforis,  but  he 
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does  not  discuss  them  in  his  text.  The  purpose  of  these  structures  is  problematical, 
although  it  is  conceivable  that  they  function  to  hold  gametes  in  the  gonad  during 
the  expansion  that  accompanies  gametogenesis.  The  pressure  exerted  by  the  in- 
crease in  size  and  numbers  of  gametes  during  gametogenesis  is  great,  and  the 
plugging  mechanism  provided  by  such  ridges  could  be  important  in  preventing 
leakage  of  mature  or  maturing  gametes. 

Further  detailed  studies  on  the  structure  of  the  gonoducts  of  other  species  of 
asteroids  would  provide  information  necessary  in  comparing  the  form  and  function 
of  this  important  part  of  the  reproductive  system  in  several  sea-stars  with  different 
methods  of  reproduction  and  would  give  the  basis  for  a  better  understanding  of 
the  way  in  which  gametes  are  released  from  gonad. 

I  thank  Dr.  John  M.  Anderson  for  his  advice  and  guidance  through  the  course 
of  this  study  and  for  his  careful  review  of  the  manuscript.  I  also  thank  Dr.  W. 
Sack  of  Cornell  University  School  of  Veterinary  Science  for  the  use  of  his  wax 
modeling  equipment.  Considerable  assistance,  advice,  and  encouragement  were 
also  provided  by  my  wife,  Wilise. 

SUMMARY 

In  Astcrias  vulgaris  there  are  10  separate  units  of  the  reproductive  system, 
each  with  its  own  distinct  gonoduct.  The  gonoduct  forms  late  in  the  life  of  the 
sea-star  as  an  outgrowth  of  the  inner  sac  of  the  gonad.  During  its  formation,  each 
gonoduct  grows  from  the  gonad  to  the  body  wall  where  it  burrows  through  a 
layer  of  connective  tissue  located  below  the  parietal  peritoneum.  The  gonoduct 
follows  this  subperitoneal  connective  tissue  into  a  coelomic  pocket  (which  ends 
externally  in  several  dermal  branchiae)  and  ultimately  penetrates  the  dermis, 
where  it  divides  into  subsidiary  ducts  which  open  separately  in  the  external  epi- 
thelium of  the  interradius.  The  gonoduct  consists  of  an  outer  elastic  connective 
tissue  layer  continuous  with  both  walls  of  the  haemal  sinus  of  the  inner  sac  of  the 
gonad  and  an  inner  epithelial  layer  continuous  with  the  germinal  epithelium  of  the 
gonad.  Near  the  point  where  the  gonoduct  opens  into  the  lumen  of  the  gonad, 
the  epithelial  layer  of  the  gonoduct  forms  cross-ridges  which  span  the  lumen  of  the 
duct  and  imbricate,  partially  blocking  the  lumen. 
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Many  molluscs  have  markings  in  their  shells  indicative  of  periodic  incremental 
growth,  and  in  some  species  the  markings  are  known  to  be  formed  daily  (see 
Rhoads  and  Pannella,  1970;  Wilbur,  1972).  Periodic  shell  growth  presumes  ac- 
companying physiological  and  biochemical  changes  relating  to  protein  synthesis, 
secretion,  and  calcium  transport  since  these  processes  are  a  part  of  shell  formation. 
Such  periodic  changes  have  not  been  characterized.  However,  rhythmic  changes 
in  the  general  metabolism  of  molluscs  have  been  reported  (Sandeen,  Stephens 
and  Brown,  1954;  Brown,  Bennett,  Webb  and  Ralph,  1956;  Wright,  1971).  En- 
vironmental factors  which  may  be  involved  in  periodic  growth  patterns  such  as 
photoperiod  (House  and  Farrow,  1^)68;  Wrenn,  1972)  would  be  expected  to 
trigger  biochemical  events  or  to  change  reaction  rates. 

The  incremental  nature  of  growth  is  strikingly  clear  in  the  shells  of  scallops 
in  which  there  is  a  daily  pattern  of  horizontal  shell  extension  and  ridge  forma- 
tion (Clark,  1968;  this  paper,  Fig.  4).  The  horizontal  portion  is  deposited  by 
the  mantle  when  it  is  extended  horizontally,  and  the  ridge  is  produced  by  deposi- 
tion during  a  period  when  the  mantle  edge  is  curved  upward  (Wrenn,  1972; 
Clark,  1(>74).  Because  of  the  diurnal  nature  of  shell  deposition  in  Argopecten 
ir radians  and  the  clear  differences  in  the  shell  pattern  within  each  daily  cycle, 
this  bivalve  provides  excellent  opportunities  for  the  investigation  of  physiological 
aspects  of  shell  formation. 

The  objective  of  the  present  study  is  the  measurement  of  calcium  carbonate 
deposition  during  periodic  daily  growth  of  the  scallop  A.  irradians  employing  45Ca 
and  "C-bicarbonate.  However,  we  first  examined  the  adequacy  of  the  isotope 
method  in  providing  a  reliable  measure  of  mineralization  during  short  periods. 
Attention  has  been  given  to  ( 1 )  the  rate  of  attainment  of  a  steady  state  between 
radioisotopes  in  the  medium  and  the  shell-forming  mantle  tissue,  (2)  isotope  in- 
corporation into  shell  as  a  linear  function  of  time,  (3)  exchange  between  shell  and 
medium,  (4)  correlation  between  size  of  animals  and  rates  of  isotope  incorporation 
into  shell,  and  (5)  deposition  rates  in  various  shell  regions.  The  results  have 
permitted  us  to  define  conditions  under  which  isotopes  can  be  employed  to  measure 
shell  growth  and  to  investigate  diurnal  variations  in  mineral  deposition. 

MATERIALS  AND  METHODS 
Maintenance  »\  annuals 

Specimens  of  A.  irradians  were  collected  by  hand  during  the  summer  in  the 
Beaufort,  North  Carolina  region.  The  animals  were  maintained  in  tanks  with 

1  Present  address:  Electron  Microscope  Laboratory,  University  of  South  Carolina,  Co- 
lumbia, South  Carolina  29208. 
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running  sea  water  at  23-25°  C.  Natural  illumination  was  supplemented  with 
fluorescent  lighting  during  the  day.  Under  these  conditions,  the  scallops  grew  and 
formed  daily  ridges.  Some  animals  were  transported  to  Durham,  North  Carolina 
where  they  were  kept  in  recirculating  sea  water  at  16-18°  C  under  constant  fluo- 
rescent light.  They  were  fed  by  constant  flow  from  a  mixed  culture  of  diatoms 
and  algae.  Periodic  examination  of  the  digestive  tract  of  sacrificed  individuals 
indicated  that  the  animals  were  feeding.  These  animals  did  not  increase  in  linear 
dimensions,  nor  did  they  form  daily  ridges. 

Exposure  of  animals  to  radioisotopes 

For  the  radioisotope  studies,  three  animals  were  maintained  in  one  liter  of  aerated 
sea  water  in  a  large  fingerbowl  at  23-25°  C  for  approximately  1  hour.  Animals 
displaying  swimming  behavior  were  replaced  by  other  animals.  Ten  to  50  /^Ci 
NaH^CO.s  (698  ^Ci/mg,  Amersham  Searle)  and/or  45CaCl2  (13.0  ^Ci/mg,  New 
England  Nuclear)  in  0.10  ml  were  then  added  to  the  sea  water  containing  the 
animals.  At  the  termination  of  exposure  to  the  radioisotopes,  the  shells  were  re- 
moved and  cleaned  of  tissue,  rinsed  thoroughly  with  tap  water,  dried  overnight 
at  room  temperature,  and  weighed.  Empty  shells  were  exposed  to  isotopes  under 
the  same  conditions  as  for  the  living  animals. 

In  light-dark  experiments,  animals  were  placed  in  one  1  aerated  sea  water 
approximately  1.3  meters  from  two  40- watt  fluorescent  lamps  covered  by  a  frosted 
plastic  sheet.  Other  animals  were  placed  in  one  liter  of  aerated  sea  water  in  con- 
tainers covered  to  exclude  light. 

Radioisotope  measurements  of  sliell 
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^C-carbonate  incorporated  into  the  shell  was  measured  by  cutting  pieces  from 
the  right  valves  with  a  high  speed  drill  fitted  with  a  saw  bit.  With  the  exception 
of  the  studies  on  incorporation  rates  in  various  shell  regions  (see  Fig.  2),  the 
pieces  examined  were  cut  from  the  ventral  edge.  They  weighed  10  mg  to  30  mg 
and  were  approximately  5  mm  in  the  dimension  perpendicular  to  the  shell  edge 
and  included  3-5  mm  of  the  shell  edge.  Pieces  cut  from  other  regions  also  weighed 
10  mg  to  30  mg  but  the  dimensions  varied  depending  on  the  region  studied.  The 
pieces  were  placed  in  10-ml  flasks  with  rubber  serum  stoppers  from  which  plastic 
center  wells  (Kontes  Glass)  were  suspended  (Speeg  and  Campbell,  1968).  The 
center  wells  were  filled  with  0.4  ml  of  IN  hydroxide  of  hyamine  in  methanol 
(Packard),  and  the  stopper  was  carefully  inserted  in  the  flask.  Two  ml  5%  tri- 
chloroacetic  acid  (TCA)  were  injected  through  serum  stopper  to  dissolve  the 
calcium  carbonate  of  the  shell  and  liberate  CO?  which  was  then  trapped  by  the 
hydroxide  of  hyamine.  It  was  calculated  that  0.4  ml  of  IN  hydroxide  of  hyamine 
was  sufficient  to  absorb  all  the  COo  liberated  from  the  shell  samples.  After  allow- 
ing about  one  hour  for  the  absorption  of  COo  by  the  hydroxide  of  hyamine,  the 
center  wells  were  placed  in  10  ml  scintillation  fluid  containing  4.0  g  PPO  and  50 
mgs  POPOP  per  liter  of  toulene.  Samples  were  counted  in  a  liquid  scintillation 
counter  after  storage  in  the  dark  to  reduce  fluorescence  due  to  the  hyamine  solu- 
tion. Isotope  measurements  on  3  pieces  of  each  shell  were  averaged. 
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If  the  animals  had  been  incubated  in  both  45Ca  and  14C-bicarbonate,  the  45Ca 
was  recovered  by  drying  the  dissolved  shell  residue  in  the  bottom  of  the  flasks  at 
"('  C,  redissolving  the  residue  in  2  ml  100%  ethanol,  and  adding  the  ethanol  to 
10  ml  scintillation  fluid.  Small  variations  in  the  amount  of  ethanol  or  variations 
of  calcium  salt  of  the  magnitude  present  in  the  samples  did  not  affect  counting 
efficiency.  The  molar  amount  of  calcium  and  carbonate  incorporated  into  shell 
was  calculated  according  to  Wilbur  and  Jodrey  (1952)  assuming  a  concentration 
in  sea  water  of  2.5  imr  bicarbonate  and  9.5  imi  calcium. 

The  proteinaceous  component  remaining  after  dissolution  of  the  shell  mineral 
was  dissolved  by  warming  in  0.5  ml  hydroxide  of  hyamine.  The  hydroxide  of 
hyamine  was  then  added  to  10  ml  scintillation  fluid  and  counted.  The  protein  had 
negligible  radioactivity  and  was  not  considered  a  source  of  error  in  interpreting 
the  activity  present  in  the  mineral  constituents. 

The  sea  water  medium  was  sampled  throughout  the  course  of  experiments 
using  the  same  methods  for  detection  of  the  isotopes  as  used  for  shell.  The 
specific  activity  did  not  vary  by  more  than  10%  during  the  course  of  a  5-hour 
experiment. 

Radioisotope  measurements  of  mantle 

Following  exposure  of  animals  to  the  radioisotopes.  the  right  mantle  was  dis- 
sected, rinsed  in  tap  water,  and  dried  to  constant  weight  at  70°  C.  The  mantle  was 
then  homogenized  for  two  minutes  in  a  motor-driven  ground  glass  mortar  and 
pestle  with  2  ml  10%  TCA  to  liberate  remaining  14C-bicarbonate  and  to  solubilize 
the  4r'Ca.  The  volume  was  brought  to  10  ml  with  distilled  water  and  the  material 
centrifuged.  The  pellet  was  washed  once  with  5  ml  distilled  water.  One  ml  of 
both  supernatants  was  added  to  10  ml  Bray's  solution  (Bray,  1960)  and  the 
45Ca  counted. 

The  TCA-precipitated  pellet  from  the  mantle  was  dried  and  prepared  for 
counting  as  described  for  shell  protein.  Less  than  5rr  of  the  extracted  activity 
was  associated  with  the  protein  after  five  hours  incubation,  indicating  that  essen- 
tially all  the  45Ca  was  dissolved  and  little  14C-bicarbonate  remained  in  the  acidified 
pellet  as  bicarbonate  or  was  fixed  into  protein. 

IV eight  of  shell  protein 

In  determining  protein  content  of  shell,  pieces  of  shell  were  weighed  and  dis- 
solved in  5%  TCA.  The  protein  was  centrifuged  and  the  pellet  was  washed  once 
in  5%  TCA.  once  in  95%  ethanol.  and  dried  to  constant  weight  at  70°  C.  For 
measurements  of  the  protein  content  of  the  daily  shell  ridges,  the  ridges  were 
^craped  from  the  shell  with  care  to  avoid  damage  to  the  shell  surface  proper. 
They  were  then  treated  in  the  same  manner  as  the  other  pieces  of  shell. 

Scanning  electron  microscopy 

Pieces  of  shell  taken  from  the  edge  were  coated  with  gold-palladium,  mounted 
on  aluminum  stubs  coated  with  silver  paint,  and  examined  by  scanning  electron 
microscopy. 
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FK.I'RE  1.  (A)  Rate  of  43Ca  incorporation  into  the  right  valve,  ventral  edge  (closed 
circles)  ;  and  the  rate  of  45Ca  saturation  by  the  right  half  of  the  mantle  (open  circles).  Each 
point  represents  the  mean  incorporation  for  eight  animals.  The  vertical  limits  indicate  standard 
deviations  <>f  the  mean.  For  rate  of  shell  incorporation,  triplicate  pieces  were  cut  from  the 
ventral  edge  of  each  valve,  counted,  and  the  results  averaged.  Exchange  of  calcium  in  empty 
shells  is  also  shown  (triangles).  The  medium  contained  6.06  X  104  cpm/ml  *3Ca.  (B)  Rate 
of  carbonate  incorporation  into  the  right  valve  (closed  circles)  ;  the  mean  molar  ratio  of 
calcium: carbonate  at  the  time  intervals  indicated  (open  circles)  ;  and  the  regression  line  for 
the  molar  ratio  as  a  function  of  time  calculated  from  the  individual  data  points  (dotted  line). 
The  carbonate  incorporation  values  for  each  animal  were  obtained  from  the  same  triplicate 
pieces  cut  from  the  shells  of  the  same  eight  animals  as  for  calcium  incorporation  (Fig.  1A). 
The  vertical  limits  indicate  standard  deviations  of  the  mean.  Exchange  of  carbonate  in  empty 
shells  is  also  shown  (triangles).  The  medium  contained  2.17  X  104  cpm/ml  :jC-bicarbonate. 

RESULTS 

Uptake  of  isotopes  bv  mantle  and  shell 

Figure  1A  shows  the  rate  of  uptake  of  4f'Ca  in  the  mantle  and  ventral  shell 
edge  of  animals  maintained  in  running  sea  water.  Uptake  of  4:'Ca  in  the  mantle 
was  rapid  and  a  steady  state  with  the  medium  was  reached  in  two  hours.  Deposi- 
tion of  4:'Ca  in  the  shell  was  linear  after  a  lag  of  about  1  hour.  Deposition  of  14C- 
carbonate  in  shell  followed  a  course  similar  to  that  for  45Ca  (Fig.  IB).  The  lag 
in  the  case  of  14C-carbonate  was  about  2  hrs.  For  both  isotopes,  the  exchange 
with  empty  shells  was  $%  to  8%  of  the  total  incorporation  at  five  hours  (Figs. 
1A,  B). 


476 


WHEELER,  BLACKWELDER  AND  WILBUR 


127 


N  =  10 


6O 


118 


12O 


86 


FIGURE  2.  Incorporation  of  I4C-carbonate  in  regions  of  the  shell.  The  values  show  the 
mean  cpm  per  mg  of  shell  sample  for  a  4-hour  incubation  fur  ten  animals.  The  height  of  tin- 
bars  is  proportional  to  incorporation.  The  medium  contained  20  MT/1  "C-bicarbonate. 


The  calcium-to-carbonate  molar  uptake'  ratios  for  shell  edge  was  determined 
from  the  mean  values  for  each  time  interval  indicated  in  Kigures  1A  and  IB  and 
are  shown  in  Figure  IB  (upper  curves).  The  mean  incorporation  ratio  of  all 
individuals  tested  was  1.5  ±  0.24  and  was  not  significantly  different  from  1.00 
even  at  the  50'  <  level  for  a  two-sided  Student's  t-test.  Since  a  slight  increase 
in  molar  ratio  with  time  was  indicated  by  the  mean  values  at  each  point,  a  regres- 
sion line  of  Y  on  X  was  calculated  from  all  the  individual  data  points  hy  the  method 
of  least  squares  (  Kig.  IB).  The  correlation  coefficient  for  the  plot  ol  molar  ratio 
against  incubation  time  was  very  low  (0.21  ). 

The  rate  of  uptake  of  4r'Ca  in  mantle  of  animals  maintained  in  a  recircnlating 
sea  water  tank  in  Durham,  North  Carolina  was  virtually  identical  with  that  of 
animals  in  running  .sea  water  at  Beaufort,  Xorth  Carolina.  Incorporation  of  4DCa 
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and  14C-carbonate  into  shell  of  animals  in  recirculating  sea  water  followed  a  nearly 
linear  course  but  at  a  lower  rate.  An  abnormal  chalky  layer  was  noted  on  the 
inner  shell  surface  near  the  edge  of  these  animals.  Examination  of  the  abnormal 
layer  by  scanning  electron  microscopy  indicated  that  the  layer  was  clue  to  deposi- 
tion of  material  different  from  normal  shell  and  that  dissolution  of  normal  shell 
layers  adjoining  the  chalky  deposit  was  not  evident.  This  deposition  may  account 
for  isotope  incorporation  since  growth  in  area  at  the  edge  did  not  occur.  Studies 
described  in  the  following  sections  were  all  carried  nut  with  animals  maintained 
in  running  sea  water  at  Heaufnrt. 

Deposition  rates  in  ranons  shell  re/ii/ms 

The  rate  of  incorporation  of  14C-carbonate  varied  considerably  in  different 
regions  of  the  shell.  Figure  1  shows  that  the  highest  rates  were  at  the  ventral 
shell  edge  in  the  area  of  the  longest  ribs  and  that  the  lowest  rates  were  in  the  cen- 
tral shell  region  and  at  the  dorsal  edge  adjacent  to  the  hinge.  For  making  measure- 
ments of  maximum  sensitivity,  the  region  of  the  ventral  edge  was  selected  for 
subsequent  studies. 

Rate  of  deposition  and  shell  weight 

The  rate  of  deposition  of  4''Ca  and  14C-carbonate  at  the  ventral  shell  edge  as 
a  function  of  valve  weight  for  one  experiment  is  given  in  Figure  3.  There  was  a 
virtual  absence  of  trend  in  deposition  rate  with  size.  The  correlation  coefficient 
calculated  was  —0.22  for  14C-carbonate  and  —0.13  for  45Ca.  Other  data  on  depo- 
sition rates  of  45Ca  and  "C-carbonate  over  a  range  of  weights  from  2  g  to  12  g  gave 
the  same  low  correlation.  The  total  number  of  animals  used  for  these  experi- 
ments was  131. 


cc 


0 


10.0 


8.0 


o     6.0 


a-      4.0 


2.0 


=  -0.22 


8 
WEIGHT  (GM 


10 


10.0 


or 


~  8.0 
o 

!s  6-0 

&  4.0 

2.0 


T~      ~T~     ~T 
r=-O.I3 


8 

WEIGHT  (GM 


10 


FIGURE  3.  Rate  of  incorporation  of  14C-carbonate  and  43Ca  as  a  function  of  weight  of  the 
right  valve.  Each  point  represents  the  mean  of  triplicate  pieces  from  the  ventral  edge  of  the 
shell  of  one  animal.  The  regression  lines  were  calculated  by  the  method  of  least  squares  with 
r  being  the  correlation  coefficient  and  N,  the  number  of  animals. 
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TABLE  I 
Diurnal  mantle  actiritv  and  calcification  rates. 


10:^0  AM-2  :.?()  PM 

6:30PM-8:30PM 

Mantle: 

Minimum  '",   upturned* 

8 

83 

1(1:1)0  AM   2:00  PM 
Li.ulu 

1(1:110  AM-  2:00  PM 
Dark 

7:00  PM-8:.W  PM 
Dark 

Calcification 
cpm  14C-carbonate  per  mg  per  hr 

24.0  ±  3.0 
=  17 

24.3  ±  3.2 

N  ==  25 

6.7   ±   1.3 

N  ==  26 

*  Data  tnim  Wrenn  (1972).  Figures  show  minimum  percentage  of  animals  which  turned 
mantles  over  the  shell  edge,  forming  vertical  ridges. 

Diurnal  deposition  rates 

Shell  growth  increments  in  A.  irraJians,  indicated  by  ridges  that  delineate  a 
day's  growth  (Fig.  4).  are  formed  by  the  upturning  of  the  mantle  over  the  shell 
edge  (Wrenn,  lc>72  ;  Clark.  1(.'74).  \Vrenn  has  demonstrated  that  the  ridges  are 
formed  primarily  in  late  afternoon  and  evening  (Table  I). 


KIM  KK  4.     Scanning  electron   micrograph  taken  at  the  ventral   edge  of  the   right  valve 
(      30).    Each  vertically  positioned  ridge  delineates  one  day's  growth. 
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The  rate  of  incorporation  of  14C-carbonate  was  measured  during  a  period  when 
little  ridge  formation  was  occurring  and  new  interridge  shell  was  being  deposited 
(10  AM  to  2  PM  )  and  during  a  period  when  much  ridge  formation  was  taking  place 
(7  PM  to  8:30  PM  ).  The  rate  of  1!C-carbonate  deposition  was  more  than  3-fold 
greater  when  ridges  were  not  being  formed  as  compared  with  the  period  of  their 
formation  (Table  I).  The  difference  was  significant  at  greater  than  the  99% 
level  for  the  two-sided  Student's  t-test. 

To  test  the  effect  of  short-term  periods  of  light  and  darkness  on  incorporation 
rates  of  14C-carbonate,  scallops  were  incubated  in  total  darkness  and  light  during 
the  period  10  AM  to  2  PM.  Xo  significant  difference  between  the  two  groups  was 
found  (Table  I). 

Protein  content  of  shell 

The  protein  content  of  the  shell  ridges  was  32.9  ±  3.9%  (N  :=  3),  and  the 
protein  content  of  shell  including  ridges  was  16.0  ±  2.1  (N  ==  3).  The  difference 
shows  that  the  mineralization  of  the  shell  ridges  is  much  less  than  the  other  por- 
tion of  the  shell.  The  average  shell  protein  content  of  16%  is  very  high  (Wilbur 
and  Simkiss,  1968),  probably  reflecting  in  part  the  elevated  protein  content  of  the 
shell  ridges. 

DISCUSSION 

The  measurement  of  shell  growth  by  means  of  radioisotopes,  especially  during 
short  periods,  requires  that:  (1)  the  shell-forming  mantle  tissue  come  into  steady 
state  with  the  medium  rapidly  (Wilbur  and  Jodrey,  1952);  (2)  that  shell  disso- 
lution by  metabolites  be  minimal  as  compared  with  calcium  deposition  (Crenshaw 
and  Neff,  1969);  and  (3)  that  exchange  between  the  shell  and  the  extrapallial 
fluid  in  contact  with  the  inner  shell  surface  be  at  a  low  level  as  compared  with 
calcium  deposition. 

The  present  study  with  .-Iryopcctcn  has  demonstrated  that  the  mantle  reaches 
a  steady  state  with  45Ca  of  the  sea  water  medium  within  two  hours,  a  value  nearly 

j 

identical  with  that  of  the  oyster  Crassostrea  virginica  (Jodrey,  1953)  and  the 
oyster  Crassostrea  (}i(/as  (  Kado,  1960).  The  relatively  rapid  rate  of  45Ca  pene- 
tration and  the  resulting  small  lag  in  shell  incorporation  satisfies  the  steady  state 
requirement  for  short-term  measurements  of  shell  growth  with  45Ca.  Since  the 
calcium-to-carbonate  molar  ratio  of  incorporation  is  largely  independent  of  time 
of  incubation,  the  saturation  of  mantle  for  14C-bicarbonate  probably  takes  place 
at  about  the  same  rate  as  for  45Ca  and  thus  also  satisfies  the  steady  state  require- 
ment for  measurement  of  short-term  mineralization. 

Wilbur  and  Jodrey  (1955)  suggested  that  metabolic  CO*  may  play  an  impor- 
tant role  in  shell  carbonate  formation  in  the  oyster  Crassostrea  lirgiinca.  In 
Argopecten,  bicarbonate  entering  directly  from  sea  water  rather  than  being  derived 
from  metabolic  COo  may  be  the  main  source  of  shell  carbonate.  This  is  indicated 
by  a  calcium-to-carbonate  molar  ratio  of  approximately  unity  throughout  the  5-hour 
period  of  exposure  to  45Ca  and  14C-bicarbonate.  If  metabolic  CO2  were  important, 
then  one  would  expect  the  45Ca-  to  14C-carbonate  ratio  would  be  higher  at  the 
start  of  the  experiment  when  little  metabolizable  substrate  would  be  labelled  and 
then  decrease  with  time  as  14C-bicarbonate  labelled  the  substrates.  However,  if 
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were  a  rapid  turnover  in  CO^  fixation  in  the  mantle,  bicarbonate  from  the 
medium  could  not  be  readily  distinguished  from  bicarbonate  originating  from 
;iolic  CO-2-  Hammen  and  Wilbur  (1959)  suggested  for  oyster  mantle  that 
pools  of  organic  and  amino  acids  with  turnover  times  in  the  same  range  as  sug- 
gested here  for  bicarbonate  were  available  for  CO-  fixation  from  a  H14CO;rlabelled 
medium.  However,  the  relative  sizes  of  pools  of  free  bicarbonate  and  bicarbonate 
that  had  been  fixed  were  not  determined  so  an  estimate  of  ther  relative  contribu- 
tion to  formation  of  shell  carbonate  cannot  be  made.  In  the  absence  of  data,  the 
relative  contribution  of  bicarbonate  from  the  medium  and  from  metabolic  sources 
must  be  left  open. 

The  second  requirement  for  the  use  of  radioisotopes  in  shell  growth  studies, 
I.e.,  that  shell  dissolution  due  to  organic  acid  accumulation  be  minimal,  is  not 
likely  to  be  important  for  Argopecten  since  its  valves  are  normally  open  and  water 
is  circulated  over  the  mantle  continuously.  This  behavior  contrasts  with  that  of 
the  clam  Mcrccuaria  incrcenarla  studied  by  Dugal  (1939)  and  Crenshaw  and 
Neff  (1969)  in  which  there  are  periods  of  valve  closure  and  absence  of  pumping 
during  which  organic  acids  accumulate  in  contact  with  the  inner  shell  surface. 

The  third  requirement,  namely  the  low  level  of  exchange  between  shell  and 
the  extrapallial  fluid  in  contact  with  the  inner  shell  surface,  appears  to  be  met 
even  though  exchange  is  not  measurable  in  vivo.  Exchange  as  measured  in  sea 
water  with  H14CO3,  and  4r>Ca  in  Argopecten  was  5%  to  8%  of  the  total  radio- 
isotope  incorporation  measured  at  the  shell  edge  at  five  hours.  Exchange  in  vh'o 
may  well  be  lower  than  this  since  the  amount  of  14C-carbonate  incorporated  in  the 
central  region  of  the  valve  was  less  than  3/f  of  that  incorporated  at  the  ventral 
edge  (Fig.  2).  An  exchange  rate  considerably  higher  than  that  in  sea  water  is 
unlikely  in  view  of  the  similarity  of  the  concentrations  of  calcium  and  carbonate 
in  sea  water  and  the  extrapallial  fluid  of  other  bivalves  (Crenshaw,  1972).  A 
further  consideration  of  the  magnitude  of  exchange  relative  to  net  shell  growth 
is  the  fact  that  Argopecten  is  forming  shell  very  rapidly  as  indicated  by  the  size 
of  the  daily  growth  increments. 

Even  though  all  the  foregoing  requirements  are  fulfilled,  caution  must  still  be 
exercised  in  interpreting  isotope  incorporation  as  a  measure  of  normal  growth. 
A  case  in  point  relates  to  specimens  of  Argopecten  kept  in  a  recirculating  sea 
water  tank  rather  than  in  running  sea  water.  These  animals  deposited  both  45Ca 
and  14C-carbonate  yet  did  not  show  linear  shell  growth,  nor  did  they  form  daily 
ridges. 

The  rate  of  isotope  incorporation  in  molluscan  shells  has  been  found  to  decrease 
with  shell  weight  (Zischke,  Watabe  and  Wilbur,  19/0).  However,  in  Argo- 
pecten the  rate  of  14C-carbonate  deposition  at  the  edge  was  not  greatly  different 
in  shells  differing  markedly  in  weight.  This  may  in  part  be  due  to  the  limited 
range  of  age  of  animals  available  for  the  studies  and  in  part  to  the  specific  nature 
of  growth  at  the  shell  edge.  The  lack  of  correlation  between  shell  weight  and 
isotope  incorporation  facilitates  the  interpretation  of  isotope  data  by  eliminating 
excess  scatter  and  unintentional  bias  due  to  size  of  experimental  animals. 

The  observed  lower  rate  of  mineral  deposition  in  the  evening  as  compared  with 
midday  demonstrates  a  diurnal  control  of  mineralization  by  the  mantle.  The 
lower  rate  is  correlated  with  the  time  of  upturning  of  the  mantle  and  the  formation 
of  the  daily  ridges  of  the  shell  (Wrenn.  1972).  The  protein-to-mineral  ratio  is 
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increased  at  the  time  of  ridge  formation,  as  shown  by  protein  analysis.  The  reduc- 
tion in  mineral  deposition  may  result  from  (1)  a  decreased  supply  of  calcium  due 
to  a  decreased  mantle  circulation  when  the  mantle  muscle  contracts,  causing  up- 
turning; (2)  a  decreased  movement  of  calcium  across  the  mantle;  or  (3)  a  de- 
creased secretion  of  protein  participating  in  crystal  nucleation.  The  increased 
protein  content  of  the  shell  ridges  reflects  a  decrease  in  mineral  deposition  by  the 
mantle  as  shown  by  isotope  incorporation  and  may  involve  an  increase  in  protein 
secretion  by  the  mantle  as  well.  A  study  of  the  rate  of  deposition  of  labelled  pro- 
tein in  the  shell  at  various  times  of  day  would  resolve  this  and  would  indicate 
whether  the  mantle  exerts  a  diurnal  control  of  protein  secretion  as  well  as  a  di- 
urnal control  of  mineralization. 

The  factors  inducing  the  diurnal  variation  of  mineralization  in  Argopectcn  are 
not  clear.  Short-term  lighting  does  not  appear  to  be  a  factor  since  the  rates  of 
mineralization  in  light  and  darkness  at  the  same  time  of  day  were  nearly  identical. 
These  results  are  in  agreement  with  those  of  Dodd  (1969),  who  observed  no  effect 
of  light  on  4r'Ca  deposition  in  Argopccten  and  other  bivalves.  However,  the  timing 
of  ridge  formation  in  Argopccten  has  been  shown  to  be  influenced  by  photoperiod 
(Wrenn,  1972).  Tidal  variations  can  scarcely  be  a  controlling  factor  since  ridge 
formation  occurs  at  about  the  same  time  each  day  (Wrenn,  1972).  Control  by 
daily  fluctuations  in  phytoplankton  concentrations  associated  with  tidal  changes 
( Kirby-Smith,  1970)  to  which  the  experimental  animals  would  have  been  exposed 
is  unlikely  for  the  same  reason.  From  the  evidence  available,  we  support  the 
suggestion  of  Dodd  (1969)  that  diurnal  growth  markings  may  be  brought  about 
by  an  endogenous  rhythm.  In  Argopecten,  the  rhythm  involves  a  difference  in 
the  rate  of  mineral  deposition  correlated  with  an  upturning  of  the  mantle  during 
one  period  of  the  day. 

We  thank  Dr.  Miles  A.  Crenshaw  and  Dr.  John  R.  Gregg  for  their  discussion 
and  helpful  suggestions  in  the  preparation  of  the  manuscript,  and  Miss  Mayme  Lee 
Blankenship  for  taking  the  electron  micrograph.  A  portion  of  the  experimental 
work  was  carried  out  at  the  Atlantic  Estuarine  Fisheries  Center  (National  Marine 
Fisheries  Service),  Beaufort,  North  Carolina.  We  appreciate  the  help  of  Dr.  T.  R. 
Rice  for  making  space  and  facilities  available.  This  study  was  supported  in  part 
by  grant  DE  01382-12  from  the  National  Institute  of  Dental  Research. 

SUMMARY 

1.  Incorporation  of  calcium  and  carbonate  into  shell  has  been  studied  in  the 
scallop  Argopectcn  irradians  using  45Ca  and  14C-bicarbonate. 

2.  The  incorporation  of  45Ca  and  14C-carbonate  into  shell  was  linear  with  time 
after  a  lag  period  of  1   to  2  hours.     The  shell-forming  mantle  tissue  attained  a 
steady  state  with  respect  to  45Ca  in  the  sea  water  medium  within  2  hours. 

3.  The  molar  ratio  of  45Ca  to  14C-carbonate  deposited  in  shell  was  not  signifi- 
cantly different  from  unity  during  5  hours. 

4.  The  rate  of  incorporation  of  14C-carbonate  into  shell  was  highest  at  the  ven- 
tral edge  and  extremely  low  in  the  central  and  hinge  areas. 

5.  The  rate  of  incorporation  at  the  ventral  shell  edge  did  not  change  with  in- 
crease in  shell  size. 
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n.  The  rate  of  incorporation  of  carbonate  was  low  at  night  when  growth  ridges 
form  and  increased  3-fold  at  midday  when  growth  ridges  are  not  being  formed. 

7.  The  protein  content  of  the  shell  ridges  was  32.9  ±  3.9%  and  the  protein 
content  of  the  shell  including  ridges  was  16.0  ±  2.1%. 
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AGONISM  IN  ASTEROIDS 

DON  R.  WOBBER 
Bioloyy  Department,  San  Francisco  State   Cuircrsity,  \<m  Francisco,  California 

In  general  sea  stars  have  been  said  to  be  "slow-moving  creatures  that  lie  or 
cling  to  the  substrate  most  of  the  time,  and  move  about  only  intermittently  to 
search  for  food  or  to  avoid  some  physical  stress"  (Feder  and  Christensen,  1966. 
page  92).  In  regard  to  the  sea  stars  Pisastcr  ochraceus  and  Lcptasterias  hexactis, 
Menge  and  Menge  (1974,  page  208)  state,  "It  is  not  surprising  that  intraspecific 
aggression  is  nonexistent  with  these  behaviorally  simple  animals."  However,  sea 
stars  do  pursue  and  catch  moving  prey,  dig  for  clams,  feed  on  particulate  matter, 
lurch  forward  onto  prey,  or  actively  defend  themselves  against  predation  or  can- 
nibalism (  Mauzey,  Birkeland,  and  Dayton,  1968).  Moreover,  sea  stars,  like  other 
echinoderms,  may  be  capable  of  complex  "social  behavior."  Reese  (1966),  de- 
fining social  behavior  as  interactions  between  individuals  as  opposed  to  "non- 
social  behavior"  resulting  from  individual  interaction  with  the  physical  environ- 
ment, concluded  that  echinoderms  are  not  capable  of  social  behavior  other  than 
that  related  to  reproductive  activities.  This  conclusion  was  challenged  by  Brim 
(1969),  and  Warner  (1971)  with  respect  to  brittlestar  aggregations;  by  Dix 
(1969),  and  Pearse  and  Arch  (1969)  regarding  urchin  aggregations;  and  by 
Branham,  Reed,  Bailey  and  Caperon  (1971),  and  Goreau  (1964)  regarding  sea 
star  distribution.  Goreau  (1964,  page  25)  thought  Acanthaster  planci  to  be  ter- 
ritorial in  distribution,  noting  "a  brief  transitory  association"  of  two  individuals 
on  t\vo  occasions.  Although  the  above  authors  indicate  the  existence  of  echino- 
derm  social  behavior  not  related  to  reproductive  activities,  only  Pearse  and  Arch 
(1969)  describe  specific  interactions  between  individuals  that  might  contribute  to 
Mich  social  behavior. 

Intraspecific  agonistic  encounters  involving  ray  contact  between  individual  sea 
stars  may  reflect  complex  social  behavior.  Such  encounters,  here  referred  to  as 
bouts,  have  been  observed  in  Monterey  Bay,  California  in  all  three  living  orders 
of  asteroids:  Forcipulata  (Pycnopodia  hclianthoidcs.  Lcptasterias  he.vactis,  and 
Pisastcr  gigantcus )  ;  Spinulosa  (Patiria  ininiata}  ;  and  Phanerozonia  (Denuas- 
tcrias  imbricata  and  Mcdiastcr  aeqiialis),  and  interspecific  bouts  were  seen  between 
Pycnopodia  and  two  species  of  Pisaster,  P.  gigantcus  and  P.  brevispinus  (Wobber, 
1974).  Sea  star  bout  behavior  therefore  may  be  widespread,  perhaps  affecting  the 
way  many  species  feed  and  are  distributed.  This  paper  describes  the  agonistic 
bouts  as  seen  in  the  sea  stars  Patiria  and  Pycnopodia. 

MATERIALS  AND  METHODS 

Field  observations  resulting  from  about  240  hours  of  scuba  diving  between 
1971  to  1974  were  done  in  a  75  X  40  m  study  area  on  the  seaward  side  of  the 
U.  S.  Coast  Guard  breakwater  at  the  southwest  end  of  Cannery  Row,  Monterey. 
California.  Depths  ranged  from  3-19  m.  Observations  were  made  on  the  large 
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boulders  forming  the  breakwater,  and  mi  the  gently  sloping  sand  bottom  at  its 
base  as  well  as  in  aquariums.  Undersea  observations  were  recorded  on  plastic 
writing  boards  and  by  still  or  motion  pictures,  the  latter  augmented  with  time 
lapse  series  analyzed  frame-by-frame  (see  Wobber,  1974,  for  further  details). 

Bouts  were  initiated  by  placing  fresh  but  dead  market  squid,  Loligo  opalcscens, 
a  natural  food  for  sea  stars  in  the  study  area  (Wobber,  1973),  on  the  reef  in 
weighted  net  bags  and  allowing  sea  stars  to  converge  upon  it;  by  squirting  beef 
broth  (Swanson  brand)  between  two  stationary  sea  stars;  or  by  placing  sea  stars 
within  1  cm  of  one  another. 

Sex  determination 

Gonads  from  pairs  in  a  bout  were  inspected  to  determine  sex,  testes  were  iden- 
tified by  their  pale  color,  and  ovaries  by  their  pink  or  orange  color.  Since  Patina 
show  an  ill-defined  breeding  period  and  seem  to  spawn  at  all  times  of  the  year 
( Farmanf armaian,  Giese,  Boolootian  and  Bennett,  1958),  surveys  of  this  species 
during  May  and  June  were  considered  typical  distributions,  not  influenced  by  any 
type  of  sexual  aggregation. 

Sensitivity  to  ray  contact 

Stationary  sea  stars  in  a  natural  state  were  touched  on  various  parts  of  the 
rays  and  aboral  surface  bv  diver-held  sea  stars  and  reactions  of  the  "contacted" 
animals  noted. 

Bout  outcome  determination 

Specimens  of  Patina  placed  within  1  cm  of  one  another  will  move  toward  one 
another  and  engage  in  bouts.  A  series  of  experiments  was  designed  in  which  two 
sea  stars  were  moved  to  a  different,  but  nearby,  location,  placed  within  1  cm  of 
one  another,  and  bout  outcomes  recorded ;  starting  positions  were  marked  with 
plastic  pegs. 

Convergent  j  ceding 

To  determine  how  sea  stars  approach  and  feed  upon  large  food  items,  a  series 
of  tests,  termed  target  tests,  were  made  on  the  sandy  bottom  at  19  m  on  a  plastic 
tarpaulin  which  had  been  marked  by  painting  4  concentric  circles  at  20  cm  inter- 
vals. Bait  was  placed  within  the  center  circle  and  varying  numbers  of  conspecific 
individuals  spaced  at  equidistant  intervals  around  the  outer  edge  of  the  largest 
circle.  Each  test  ran  22  minutes. 

RESULTS 
Intro-specific  bouts,  Patiria  miniata 

Bouts  between  specimens  of  Patiria  seemed  related  to  food  gathering,  but  took 
place  even  when  feeding  was  not  obvious.  The  mean  duration  time  of  52  timed 
bouts  was  28  minutes  with  a  standard  deviation  of  24.5  minutes,  and  a  range  of 
3-120  minutes.  On  rare  occasions  bouts  lasted  more  than  two  hours. 
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Ray  movements  during  bouts  can  be  described  by  the  following  motions  or 
positions :  ( 1 )  extracting,  the  withdrawal  of  a  ray  from  beneath  the  opponent 
without  a  general  withdrawal  of  the  whole  animal;  (2)  lifting,  the  raising  of  a 
ray  to  a  position  above  the  aboral  surface  of  the  opponent;  (3)  holding,  the  hold- 
ing of  a  ray  in  a  position  above  the  aboral  surface  of  the  opponent;  (4)  feinting, 
the  slight  lowering  and  raising  of  the  ray  when  in  the  holding  position;  (5)  arch- 
ing, the  holding  of  a  ray,  further  back  than  in  the  holding  position,  in  a  position 
above  the  sea  star's  own  aboral  surface,  often  with  a  ray  in  an  'S'  confirmation 
(Fig.  1)  ;  (6)  dropping,  the  lowering  of  a  ray  toward  the  opposing  sea  star;  (7) 
reaching,  the  stretching  of  a  ray  out  onto  the  aboral  surface  of  the  opposing  sea 
star  after  a  dropping  motion;  (8)  pushing,  the  forcing  of  the  distal  end  of  a  ray 
against  the  distal  end  of  the  ray  of  the  opponent,  often  folding  the  tip  of  the  ray 
over  the  opponent's  ray  (Fig.  2)  ;  and  (9)  locking,  the  surrounding  and  pressing 
in  of  two  rays  of  one  animal  on  one  of  the  other  animal's  rays  (Fig.  3).  Two 
or  more  specimens  of  Patiria,  in  locking  positions  often  share  the  same  food  item. 

The  above  activities  are  not  necessarily  independent  acts,  but  describe  parts 
of  what  can  be  a  continuous  motion,  graceful,  fluid,  and  variable,  and  possibly  de- 
pendent upon  the  reactions  and  position  of  the  opposing  sea  star.  It  was  common 
to  see  specimens  of  Patiria  with  facing  rays  in  holding  positions,  poised  without 
contacting  one  another,  for  long  intervals.  Two  specimens  of  Patiria  with  facing 
rays  in  holding  positions  remained  completely  out  of  physical  contact  for  7.7  min- 
utes, although  ray  contact  both  preceded  and  followed  this  period  of  non-contact. 

Holding  or  arching  and  the  time  and  height  of  these  positions  often  deter- 
mined ray  dominance :  once  contact  was  resumed  the  last  ray  to  drop  generally 
landed  on  top  of  the  ray  or  body  of  the  opponent,  an  apparent  advantage.  When 
animals  were  out  of  contact,  the  holding  position  was  often  lower  than  when  in 
contact,  sometimes  even  horizontal. 

Bouts  were  seen  to  terminate  by  withdrawal  of  one  or  both  animals,  or  locking 
or  settling  down  near  one  another,  often  with  rays  overlapped,  the  latter  taking 
place  only  when  food  items  were  involved.  Bouts  continued  throughout  feeding. 
Fxtensive  pursuit  in  this  species  was  not  noted. 

Two  distinct  types  of  bouts  between  specimens  of  Patiria  were  recorded:  (1) 
continuous-contact,  during  which  the  animals  maintain  contact  throughout,  en- 
gaging multiple  rays  and  moving  their  bodies  against  one  another  (Fig.  4)  and, 
if  one  animal  is  pushed  off  balance  or  otherwise  disadvantaged,  the  other  generally 
follows  up  by  actions  such  as  a  dominant  two-ray  advance  (Fig.  5),  which  initiates 
opponent  withdrawal;  and  (2)  intermittent-contact,  during  which  the  animals 
maintain  bout  positions  although  out  of  contact  much  of  the  time  (Fig.  1).  Inter- 
mittent-contact bouts  showed  a  tendency  toward  non-contact  in  the  later  stages. 
In  five  such  bouts,  pairs  were  out  of  contact  with  one  another  a  combined  mean 
of  51.5%  of  the  time  during  the  first  half  of  the  bouts  and  78.5%  of  the  time 
during  the  second  half  (Table  I). 

During  intermittent-contact  bouts  facing  rays  often  touched  one  another  briefly, 
the  aboral  surface  of  one  sea  star's  ray  tip  contacted  by  the  oral  surface  of  the 
other  sea  star's  ray  tip.  This  contact  initiated  a  swift  raising  of  the  rays  of  both 
individuals,  the  ray  touched  on  its  aboral  surface  going  into  the  arching  or  holding 
position,  the  ray  of  the  opponent  assuming  a  lower  hold  position  (Fig.  1).  Within 
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1.  Specimens  of  I'titirui  engaged  in  an  intermittent-contact  bout;  sea  star  on  left 
with  facing  ray  in  arching  position,  sea  star  on  right  with  facing  ray  in  holding  position. 

FIGURE  2.  Specimens  of  Putiria  showing  the  detail  of  rays  in  the  pushing  position  during 
an  intermittent-contact  bout. 

FIGURE  3.  Specimens  of  Patiria  in  locking  position  ;  sea  star  on  right  with  two  rays  sur- 
rounding one  ray  of  sea  star  on  the  left. 

FIGURE  4.     Specimens  of  Patiria  engaged  in  a  continuous-contact  bout. 

FIGURE  5.  Specimens  of  Patiria  engaged  in  continuous-contact  bout ;  sea  star  at  right  in 
two  ray  dominant  advance,  sea  star  on  left  withdrawing. 

FIGURE  6.     Specimens  of  Pycnopodia  engaged  in  intraspecific  bout. 
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TABLE  I 

Non-contact  time  within  five  Patiria  miniata  intermittent- 
contact  bouts  recorded  by  time  lapse  motion  pictures. 


%  non-contact  time 

Bout 

Total 

First  half 

Second  half 

i 

90 

53.5 

28.5 

78.7 

2 

84 

80.8 

67.4 

94.2 

3 

72 

88.5 

79.5 

97.8 

4 

20 

20.9 

9.6 

32.2 

5 

17.4 

81.0 

72.4 

89.7 

x  ±  s.d. 

56.7  ±35.3 

64.9  ±  28.0 

51.5  ±  30.7 

78.5  ±  26.9 

the  5  bouts  shown  in  Table  I,  a  combined  total  bout  time  of  283.4  minutes,  such  a 
sequence  was  seen  35  times  (x  =  7.0  ±  2.9  s.d.,  range  2-9).  Termination  of 
intermittent-contact  bouts  usually  followed  the  pattern  of  a  dominant  two-ray  ad- 
vance which  appeared  to  initiate  opponent  withdrawal  (Fig.  5). 

Primary  ray  positions  of  bouts  were  classified  into  three  categories :  advan- 
tageous ;  neutral ;  and  disadvantageous,  depending  on  the  ray's  relationship  to  the 
opponent's  facing  ray(s),  i.e.,  in  a  dominant  position  the  ray  was  either  touching 
the  opponent's  aboral  surface  or  in  a  higher  position  than  the  opponent's  ray(s), 
and  thus  able  to  descend  on  top  of  the  opponent.  Holding  positions  were  sepa- 
rated into  three  categories  depending  upon  the  ray's  position  relative  to  the  hori- 
zontal :  high  hold,  60°  to  90° ;  medium  hold,  30°  to  60° ;  and  low  hold,  from  hori- 
zontal or  below  to  30°.  Acts  such  as  reaching  and  feinting  were  not  considered 
in  these  data.  Intra-individual  sequence  patterns  of  the  above  acts  were  taken  from 
time  lapse  motion  pictures  of  three  intermittent-contact  bouts  of  Patina  and  trans- 
lated into  frequencies  of  occurrence  (Table  II,  Fig.  7).  One  action  sequence  was 
the  subordinate  ray  touch  which  led  to  an  arching  position  69%  of  the  time  or 
a  high  hold  position  31%  of  the  time.  Trends  in  a  given  bout  toward  overall 
dominant-subordinate  relationships  of  individual  sea  stars  were  not  established. 
Cannibalism  was  not  observed  in  Patiria. 

Specimens  of  Patiria  in  intermittent-contact  bouts  can  engage  two  opponents 
simultaneously  and  cause  withdrawal  of  both. 

Intraspecific  bouts,  Pycnopodia  helianthoides 

Bouts  occurred  when  two  sea  stars  came  in  contact,  whether  feeding  or  not. 
Although  no  quantitative  data  were  taken  of  approximately  50  bout  observations, 
durations  of  most  were  estimated  to  be  less  than  two  minutes.  The  longest  ob- 
served bout  lasted  about  10  minutes. 

A  ray  movement  position  unique  to  Pycnopodia  is  side-slipping,  the  semi- 
horizontal  sliding  of  rays  between,  then  over  and  onto  the  rays  of  the  opponent, 
sometimes  accomplished  by  a  rotating  of  the  whole  body  clockwise  or  counter- 
clockwise. Pycnopodia  did  not  engage  in  feinting,  pushing,  or  locking  positions. 
Up  to  seven  rays  of  one  sea  star  may  be  involved  in  one  bout  at  a  given  time. 
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TABLE  II 

rreqnenctes  of  intra-indii'idual  two-act  agonistic  sequences  from  intermit  tant-contact  bouts  of  three  Patiriapjiri  where  one  ray  each  of  each  pair  of  sea 
\i-as  involved.  Observed  frequencies  in  each  row  are  figures  on  top,  figures  below  in  parentheses  indicate  percent  occurrence  of  following  act.  (Columns 


Following 

Act 

INITIAL    ACT 

Advantageous 

Neutral 

Disadvantageous 

Dominant                                Base 
ray                   High                ray 
Arching          touch               hold'          contact*' 

Both  base 
ray 
Pushing             contact          Extracting 

Subordinate                                                    Base  ray 
ray             Medium              Low               con- 
touch            holdtf             holdt            tacted 

Arching 

0013 

0                          1                          0 

20                       1                       1                       3 

(02)                 (16) 

(20) 

(69)                 (04)                 (06)                 (38) 

Dominant  ray 

9                       0                     15                      0 

000 

0230 

louch 

(29)                                         (34) 

(08)                 (17) 

High 

1                     16                      0                       6 

3                         0                          1 

9712 

hold 

(03)                 (55)                                         (32) 

(50)                                               (33) 

(31)                 (29)                 (06)                 (25) 

Base  ray 

7130 

2                          1                          1 

0310 

contact 

(23)                 (03)                 (07) 

(33)                    (20)                    (33) 

(13)                 (06) 

Pushing 

2011 

000 

0020 

(06)                                         (02)                 (05) 

(11) 

Both  base 

1001 

0                         0                          1 

0100 

ray  contact 

(03)                                                                 (05) 

(33) 

(04) 

Extracting 

0000 

0                        1                        0 

0003 

(20) 

(38) 

Subordinate 

2                       0                     12                       1 

000 

0670 

ray  touch 

(06)                                         (27)                 (05) 

(25)                 (39) 

Medium 

4955 

000 

0010 

hold 

(13)                 (31)                 (11)                 (26) 

(06) 

Low 

5351 

020 

0                       ?.                      0                      0 

hold 

(16)                 (10)                 (11)                 (05) 

(40) 

(08) 

Base  ray 

0021 

1                          0                          0 

0220 

contacted 

(05)                 (05) 

(17) 

(08)                 (11) 

'Disadvantage  57.7%       "Disadvantage  37%       fAdvantage  22%       f  t  Advantage  21% 


Initial  ray  touching,  extracting,  lifting,  holding,  arching,  dropping,  and  reaching 
are  part  of  the  bout,  but  ray  movements  are  faster  than  the  ray  movements  of 
Patina. 

In  most  bouts  observed,  initial  contact  was  a  touching  of  the  distal  ends  of  the 
rays  by  both  individuals,  followed  by  a  pulling  upwards  or  backwards  of  the  con- 
tacted rays.  An  approaching  sea  star  sometimes  hesitated  and  raised  its  rays,  or 
slid  its  rays  over  or  between  the  facing  rays  of  the  other  animal.  Individuals 
have  not  been  seen  to  move  completely  on  top  of  one  another.  Once  initial  con- 
tact was  made,  the  body  of  a  sea  star  generally  maintained  its  position  as  it  with- 
drew one  or  more  rays  at  a  time  and  placed  them  on  the  aboral  surface  of  the 
other  sea  star.  It  was  not  unusual  to  see  both  individuals  engaged  in  extracting 
rays  in  this  manner  and  then  laying  them  down  on  one  another's  surface  simul- 
taneously. 

During  bouts,  sea  stars  were  in  continuous  contact  with  one  another  (Fig.  6). 
Neither  pedicellariae  nor  tube  feet  were  used  for  adhering  to  or  defending  against 
the  opponent.  Withdrawal  appeared  to  be  initiated  by  the  extent  to  which  one 
or  more  rays  were  successfully  placed  on  the  aboral  surface  of  the  opponent :  the 
closer  to  the  center  of  the  disc,  the  greater  the  reaction.  Bout  outcomes  re- 
sulted in  the  withdrawal  of  one  or  both  animals,  or  the  pursuit  of  one  by  the 
other.  Pursuit  distances  up  to  3  m  were  recorded.  If  only  one  individual  with- 
drew, the  withdrawn  animal  sometimes  stopped  10-100  cm  away,  raised  the  rays 
which  were  facing  the  other  animal  and  approached  directly  again.  The  returning 
sea  star  immediately  initiated  another  bout  by  moving  its  raised  facing  rays  onto 
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the  opponent's  aboral  surface.  Bouts  between  specimens  of  Pycnopodia  did  not 
terminate  in  overlapping  or  settling  down  in  contact  with  one  another,  even  over 
large  items  of  food. 

An  individual  may  engage  two  or  more  opponents  in  bout  behavior,  employing 
several  groups  of  rays  around  its  periphery  simultaneously. 

Interspecific  bouts 

Interspecific  bouts  were  seen  between  specimens  of  Pycnopodia  and  speci- 
mens of  two  species  of  Pisaster,  P.  gigantcus  and  P.  brevispinus.  Five  such  bouts 
involved  a  specimen  of  Pycnopodia  attacking  a  feeding  specimen  of  Pisaster  sp. 
Six  additional  bouts  were  initiated  by  feeding  dead  Loligo  opalcscens  to  either 
species  of  Pisaster.  In  all  bouts  a  specimen  of  Pycnopodia  approached  and  placed 
some  of  its  facing  rays  on  the  aboral  surface  of  the  feeding  Pisaster  individual, 
removing  the  rays  almost  immediately  in  a  continuous  "flailing"  motion,  while 
reaching  beneath  the  feeding  sea  star  with  other  rays,  often  thus  obtaining  some 
or  all  of  the  food.  The  attacking  animal's  rays  were  fastened  onto  by  the  pedi- 
cellariae  of  the  specimen  of  Pisa-ster  which  raised  and  twisted  its  facing  rays  caus- 
ing the  aboral  surface  bearing  the  pedicellariae  to  come  down  on  the  aboral  surface 
of  the  attacking  animal.  The  specimen  of  Pycnopodia  repeatedly  withdrew  its 
rays,  but  did  not  use  its  own  pedicellariae.  These  encounters  lasted  approxi- 
mately 30  seconds.  When  the  Pycnopodia  individual  withdrew,  its  facing  rays 
were  sometimes  shortened  and  thickened,  the  tips  of  many  curled  back  over  them- 
selves, appearing  temporarily  immobile,  as  though  paralyzed.  On  two  separate 
occasions  a  specimen  of  Pisaster  gigantcus  feeding  on  a  large  dead  fish  was  ap- 
proached by  a  specimen  of  Pycnopodia  and  the  animals  engaged  in  a  bout.  Both 
times  the  specimen  of  Pycnopodia  withdrew  although  one  specimen  of  Pycnopodia 
was  40  cm  in  diameter  and  its  opponent  28  cm  in  diameter. 

Specimens  of  Patiria  were  often  touching  or  being  touched  by  specimens  of 
Pycnopodia  orPisaster  sp.,  either  incidentally  or  on  food,  but  no  interspecific 
agonism  was  observed. 

Sex  determination 

Sex  differences  between  19  arbitrarily  chosen  pairs  of  Patiria  in  a  bout  did  not 
show  significant  deviation  from  chance  (P  >  0.70,  d.f.  =  2),  therefore  bouts  are 
apparently  not  a  sexual  behavior.  As  Pycnopodia  populations  were  sparse,  go- 
nadal  material  was  not  checked  in  this  species. 

Sensitivity  to  ray  contact 

Hand-held  specimens  of  10  Pycnopodia  6  cm  in  diameter  touched  to  the  aboral 
surface  of  10  stationary  animals  45  cm  in  diameter  initiated  no  withdrawal  re- 
sponses, whereas  10  specimens  of  the  same  or  larger  size  initiated  withdrawal  in 
all  cases,  the  response  appearing  more  intense  as  the  stationary  animal  was  touched 
closer  to  the  center  of  the  disc.  Touching  on  the  madreporite  did  not  elicit  un- 
usual withdrawal  responses.  Reactions  of  specimen  pairs  of  Patiria  tested  in  the 
above  manner  were  so  slow  that  results  were  uncertain. 


490  DON  R.  WOBBER 

Bout  outcome  determination 

The  following  observations  were  performed  only  with  specimens  of  Patina 
as  any  handling  or  manipulation  of  specimens  of  Pycnopodia  appeared  to  affect 
subsequent  responses. 

Size.  Nine  pair  of  sea  stars  were  selected ;  one  member  of  each  pair  being 
over  16  cm  and  one  being  under  13  cm  in  diameter.  Each  pair  was  placed  with 
rays  closest  to  the  madreporite  opposing  one  another.  Of  the  nine  bout  outcomes, 
four  large  and  five  small  specimens  of  Patiria  withdrew;  tested  size  differences 
therefore  were  not  significant  (P  >  0.70,  d.f.  =  1). 

Madreporite  position.  Opponent  madreporites  were  not  directly  attacked,  nor 
did  the  touching  of  a  madreporite  by  an  opponent  initiate  withdrawal.  However, 
of  21  pairs  tested  for  bout  outcomes,  18  with  the  madreporite  toward  the  opponent 
and  3  with  the  madreporite  away  from  the  opponent  withdrew.  The  Chi-square 
value  of  10.72  (P  <  0.005,  d.f.  —  1)  indicates  that  madreporite  position  is  a 
highly  significant  factor. 

Area  recognition.  Two  experiments  were  designed  to  determine  whether  Pa- 
tiria individuals  might  have  a  behavioral  bout  advantage  by  virtue  of  "recogni- 
tion" of  the  area  beneath  them  (thus  indicating  territoriality). 

In  the  first  experiment,  two  animals  of  similar  size  were  moved  at  the  same 
time,  the  same  approximate  distance  through  the  water.  One,  the  "replaced"  sea 
star,  was  set  down  on  the  same  spot  from  which  it  had  been  removed ;  the  other, 
the  "transported"  sea  star,  was  placed  1  cm  from  the  closest  ray  of  the  replaced 
animal,  positioned  madreporite-to-madreporite.  Of  14  trials,  only  one  replaced 
sea  star  withdrew.  Chi-square  was  highly  significant  (P  <  0.005,  d.f.  =  1)  and 
territoriality  is  strongly  supported. 

In  the  second  experiment,  to  determine  whether  the  obvious  advantage  to  the 
replaced  sea  star  was  due  to  area  recognition  or  related  to  disturbed  sand  on 
which  the  animal  w-as  placed,  two  specimens  of  Patiria  of  similar  size  were  moved 
as  above,  but  in  this  series,  one  animal  was  placed  on  the  area  from  which  the 
other  sea  star  had  just  been  lifted,  and  the  other  placed  alongside.  Out  of  9  trials, 
5  animals  placed  alongside  the  disturbed  area  and  4  placed  on  the  disturbed  area 
withdrew  (Chi-square  ==  0.12,  P  >  0.70,  d.f.  =:  1),  suggesting  that  the  disturbed 
area  itself  is  not  a  factor  in  the  outcome. 

Area  recognition  vs.  size  or  madreporite  position.  In  tests  of  9  bout  pairs 
where  the  replaced  sea  star  was  either  larger  or  smaller  (within  a  3  cm  variation), 
all  transported  animals  withdrew.  In  similar  tests  of  10  bout  pairs,  madreporite 
position  being  the  variable,  all  transported  animals  withdrew,  indicating  a  high 
degree  of  territoriality  regardless  of  relative  body  orientation  or  size  variation  of 
the  magnitude  tested. 

Convergent  feeding 

Three  target  tests  (see  materials  and  methods)  were  carried  out  to  deter- 
min  how  individuals  of  Patiria  converge  on  large  food  items.  Fresh  animals  were 
used  for  each  test.  Ravs  closest  to  the  bait  at  the  start  of  the  tests  became  the 

./ 

leading  rays  in  movement  toward  the  bait.     Specimens  of  Patiria  first  to  arrive 
at  the  bait  engaged  in  bouts  with  one  another  and  approaching  individuals,  even- 
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FIGURE  7.  An  agonistic  sequence  diagram  of  Patiria  intermittent-contact  bouts  derived 
from  observed  frequencies  in  Table  II.  Thickness  of  lines  indicates  frequency  of  occurrence, 
and  arrowheads  indicate  direction  of  the  sequence.  Items  to  the  left  of  the  dashed  line  have  a 
bouting  advantage,  to  the  right  a  disadvantage.  Frequency  values  1  and  2  were  eliminated 
for  simplification. 


tually  covering  the  bait  and  driving  latecomers  away.  After  22  minutes,  the  num- 
ber of  animals  on  the  bait  was  approximately  the  same  regardless  of  the  starting 
group  size  (Table  III).  In  the  starting  groups  10,  18,  and  26;  90%,  83%  and 
80.8%  respectively  either  reached  the  bait  or  engaged  in  bouts  with  animals  on 
the  bait.  The  more  animals  in  the  starting  group,  the  more  subsequent  move- 
ment away  from  the  bait  by  withdrawing  animals.  Of  those  withdrawn,  71.7% 
were  recorded  as  engaged  in  bouts  on  the  tarpaulin  where  there  was  no  possibility 
of  food. 
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TABLE  III 

Target  test  results  showing  dispersal  of  three  variable  quantity  test  groups  of  Patiria  around 

a  fixed  bait  after  22  minutes.     Figures  in  parentheses  represent  sea  stars 

which  were  not  on  bait  but  were  engaged  in  bouts. 


Test 

1 

Number 
of  sea 

stars 

Distribution  (distance  from  bait) 

Total 
not  on 
bait 

%  bouts 
not  on 
bait 

On  bait 

0  to  20  cm 
(not  on 
bait) 

20  to 
40  cm 

40  to 
60  cm 

60  to 
80cm 

Over 
80  cm 

10 

6 

1 

2 

.  — 

— 

1 

4 

75 

(1) 

(2) 

(?) 

(3) 

2 

18 

5 

4 

4 

2 

— 

3 

13 

77 

(4) 

(4) 

(2) 

(?) 

(10) 

3 

26 

7 

3 

4 

5 

2 

5 

1Q 

63 

(3) 

(4) 

(4) 

(1) 

(?) 

(12) 

Total  %  engaged  in  bouts  and  not  on  bait 

71.7 

Population,  data 

Percentage  of  sea  stars  engaged  in  bouts.  Because  Pycnopodia  bouts  were 
rarely  seen  (less  than  1  bout  for  every  10  hours  of  diving),  no  estimate  was  made 
of  the  percentage  of  bout  pairs.  Patiria  bouts  were  extremely  common.  Counts 
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FIGURE  8.     Relation  of  sea  star  density  to  bout  behavior  in  12  2  X  15  transect 

surveys    of    Patiria    (r-:+.86). 
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on  the  exposed  surfaces  of  the  large  rocks  that  form  the  breakwater  from  three 
different  locations  of  30  nr  at  09:00,  11:00,  and  14:00  hours  showed  that  of  a 
total  of  389  individuals,  a  mean  of  23.7%  were  engaged  in  bouts,  s.d.  ±  4.09%, 
range  19.0-26.6%.  From  this  sampling,  of  the  total  of  those  individuals  engaged 
in  bouts,  93.7%  were  engaged  in  the  intermittent-contact  type  of  bout  and  the  re- 
mainder were  engaged  in  the  continuous-contact  type  of  bout.  Although  no  quan- 
titative data  were  taken,  Patina  bouts  appear  to  continue  nocturnally  at  approxi- 
mately the  same  level.  Twelve  2  X  15  m  transect  surveys  taken  on  the  sandy 
bottom  in  the  study  area  indicated  an  increase  in  bout  activity  with  increasing 
density  (Fig.  8). 

Dispersion  surreys.  Subtidal  population  distribution  data  was  impractical  for 
Pycnopodia  because  of  the  sparse  population  (0.013-0.1015  per  m2).  Patina,  dis- 
persion data  were  taken  on  the  sand  at  the  base  of  the  breakwater  during  May  and 
June  of  1972,  from  areas  where  convergent  feeding  did  not  seem  to  play  a  part. 
The  combined  total  area  of  all  surveys  was  410  m2.  Analysis  was  made  in  regard 
to  randomness  and  the  data  were  fitted  to  a  Poisson  distribution,  resulting  in  a 
Chi-square  value  of  96.3.  The  hypothesis  that  the  animals  are  distributed  ran- 
domly was  rejected  (P  <  0.0001,  d.f.  ==  2).  Since  the  ratio  s2/x  ==  2.43  is  greater 
than  unity,  it  was  concluded  that  individuals  of  Patiria  exhibit  contagious  dis- 
tribution. 

DISCUSSION  AND  CONCLUSIONS 

The  results  demonstrated  that  agonistic  bouts  are  an  important  social  behavior 
in  regard  to  Patiria  and  Pycnopodia.  There  are  major  differences  in  intraspecific 
bout  behavior  between  the  two  species.  Patiria  bouts  seemed  less  aggressive, 
mostly  of  the  intermittent-contact  type  where  both  individuals  were  out  of  physical 
contact  for  long  periods  of  time,  occasionally  terminating  in  food  sharing.  A 
withdrawing  individual  was  not  pursued  extensively.  Pycnopodia  bout  outcomes 
were  quick  and  decisive,  the  winner  maintaining  food  or  area,  and  sometimes  pur- 
suing the  loser  for  distances  up  to  3  m. 

In  interspecific  bouts  between  specimens  of  Pycnopodia  and  Pisaster  sp.,  dis- 
similar behaviors  were  used  by  each  species.  Pedicellariae,  used  only  by  speci- 
mens of  Pisaster,  seemed  to  initiate  withdrawal  of  the  opponent,  temporarily- 
immobilizing  its  rays,  a  behavior  which  allowed  specimens  of  Pisaster  to  compete 
with  the  larger,  more  active  sea  star,  perhaps  a  more  important  function  for 
pedicellariae  than  the  occasional  capture  of  food  as  described  by  Feder  and 
Christensen  (1966)  and  Robilliard  (1971).  Menge  and  Menge  (1974)  report 
use  of  pedicellariae  by  Pisaster  ochraceus  in  aggressive  behavior  against  Lcpfa- 
sterias  he.vactis. 

I  sa\v  no  indications  of  cannibalism  as  reported  by  Mauzey  et  al.  (1968)  and 
Greer  (1961)  for  Pycnopodia.  The  non-predatory  intraspecific  bouts  I  observed 
may  have  evolutionary  roots  in  intraspecific  competition  rather  than  in  cannibalism. 
However,  Mauzey  et  al.  (1968)  describes  the  use  of  the  rays  in  cannibalistic  fight- 
ing, so  intraspecific  bouts  cannot  be  assumed  to  be  a  universally  harmless  means 
by  which  sea  stars  confront  one  another. 

It  is  not  clear  why  a  specimen  of  Patiria  with  its  madreporite  closer  to  the 
opponent  is  at  a  bout  disadvantage :  the  difference  in  adult  size  was  not  significant 
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(although  the  animal  with  the  longest  reach  should  logically  be  more  of  a  threat 
to  the  opponent's  madreporite )  :  the  madreporite  was  not  directly  attacked  nor  did 
the  touching  of  it  in  itself  cause  withdrawal.  Bout  differences  regarding  body 
orientation  may  have  more  to  do  with  the  rays  themselves  than  the  relative  posi- 
tion of  the  madreporite:  rays  adjacent  to  the  madreporite  may  be  more  sensitive 
than  other  rays  and  therefore  at  a  disadvantage.  Selective  advantages  to  such  ray 
differentials  are  not  apparent.  Kjerschow-Agersborg  (1922)  claims  that  in 
['ycnopodia  the  rays  adjacent  to  the  madreporite  lead  during  locomotion,  a  factor 
that  could  be  related  to  differential  ray  sensitivity,  however,  observations  during 
•this  study  indicated  that  neither  Pyawpodia  nor  Patiria  rotate  the  body  to  change 
(direction  nor  favor  certain  rays  as  leading  rays. 

Noble  (1939)  presented  a  general  definition  of  territory  as  "'any  defended 
area."  The  animal  defending  territory  usually  "wins''  by  driving  away  conspe- 
cifics  (Tinbergen,  1952).  My  results  suggest  that  a  territorial  behavioral  advan- 
tage exists  in  Patiria  populations  which  outranks  an  advantage  in  body  orientation 
in  regard  to  ray  or  madreporite  positions. 

Woolf  (1968.  page  283)  states  that  animals  exhibiting  territorially  follow  a 
uniform  rather  than  a  contagious  distribution  pattern.  The  contagious  distribution 
demonstrated  by  populations  in  the  study  area  may  be  clue  to  the  length  of  time 
spent  in  individual  bouts  and  the  high  per  cent  of  sea  stars  so  engaged,  even 
though  bout  outcomes  may  finally  result  in  spacing-out.  Target  tests  illustrated 
this  (Table  II).  Specimens  of  Patiria  converged  on  the  bait;  however,  once  it 
was  covered,  late  comers  withdrew.  The  majority  of  the  withdrawn  animals  did 
not  disperse  evenly  but,  at  least  temporarily,  engaged  in  bouts  with  one  another, 
even  in  the  absence  of  food. 

Pycnopodia  bouts  generally  terminated  rapidly  with  one  or  both  animals  with- 
drawing, even  over  food ;  therefore,  bout  behavior  appeared  to  space-out  indi- 
viduals of  this  species. 

Bout  abilities  may  be  selected  for  in  competitive  situations  because  the  winner 
retains  possession  of  the  food,  grows  larger,  uses  less  energy  in  food  search,  better 
survives  when  food  is  scarce,  and  thus  produces  more  progeny.  The  spreading 
effect  of  the  sea  stars  which  withdraw  from  bouts  may  result  in  all  the  individuals 
of  the  population  utilizing  food  more  evenly. 

Continuous-contact  Patiria  bouts  appeared  to  require  a  large  degree  of  indi- 
vidual effort.  As  up  to  26.6c/c  of  the  individuals  in  a  Patiria  population  were 
engaged  in  bouts,  it  would  not  be  surprising  that  intense  forms  of  this  activity 
would  tend  toward  modification.  Modification  to  intermittent-contact  would  have 
certain  advantages:  (1)  lower  energy  utilization;  (2)  the  possibility  of  feeding 
while  engaged  in  a  bout;  (3)  the  ability  to  bout  with  two  animals  simultaneously 
(perhaps  impossible  in  continuous-contact  bouts  in  this  species)  ;  and  (4)  quick 
withdrawal  from  the  bout  by  either  animal  at  any  time. 

Within  intermittent-contact  bouts,  contact  decreased  with  time,  pointing  to 
mechanisms  which  reduce  the  effort  involved  over  time,  such  as  habituation  or 
short  term  learning  as  demonstrated  in  Pisastcr  gigantcns  by  Landenberger 
(1966).  A  complex  level  of  communication  may  be  indicated  both  by  a  progres- 
sion toward  less  contact,  and  by  common  sequence  patterns  which  elicit  specific 
changes  in  the  behavior  of  recipient  animals  (Dingle,  1969).  Differences  within 
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the  two  types  of  bouts,  such  as  change  of  intensity,  exaggeration  of  components 
(e.g.,  in  intermittent-contact  bouts,  pushing  with  the  distal  ends  of  rays  in  con- 
trast to  whole  body  pushing  in  continuous-contact  bouts),  and  other  factors,  imply 
a  pattern  of  signal  movements  derived  through  a  process  of  ritualization,  as  re- 
viewed by  Blest  (1961).  Blest  (1961,  page  102)  hypothesized  that,  "in  the  course 
of  evolution,  both  locomotory  movements  and  acts  (concerned  with  comfort,  heat- 
regulation,  and  capture  of  prey)  have  been  selected  and  modified  to  produce  sig- 
nals. Such  movements  have  been  termed  'derived'  and  may  exist  alongside  their 
ancestral  activities."  The  evolutionary  development  by  which  such  movements 
have  arisen  has  been  called  "ritualization"  by  Tinbergen  (1952). 
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SUMMARY 

1.  Intraspecific  agonistic  behavior,  called  bouts,  which  involves  ray  interactions 
between  individual  sea"  stars,  is  reported  in  species  from  all  three  living  orders  of 
asteroids  and  described  for  Patina  mini  at  a-  and  Pycnopodia  hcliantlwidcs.     This 
behavior  indicates  a  certain  sensitivity  to  conspecific  contact  on  the  aboral  surface, 
in  which  each  individual  attempts  to  place  a  ray  or  rays  on  top  of  its  opponent, 
an  act  which   may   initiate   opponent   withdrawal.      Agonistic   intraspecific   bouts 
affect  the  distribution  and  feeding  of  both  species  although  bouts  may  take  place 
where  food  is  not  present. 

2.  Patina  bouts  may  last  over  two  hours  and  sometimes  terminate  by  indi- 
viduals overlapping  and  sharing  food.     Evidence  suggests  that  Patiria  bouts  are : 
(a)  quite  common;  (b)  not  related  to  sexual  behavior;   (c)   territorial;  and   (d) 
influenced  as  to  outcome  by  relative  body  orientation ;  however,  when  territorial 
behavior   is   involved,   relative   body   orientation   does   not   affect   bout    outcomes. 
Pycnopodia  bouts  are  of  shorter  duration   (up  to   10  minutes),  terminating  with 
the  withdrawal  of  one  or  both  animals,  and  sometimes  resulting  in  an  extensive 
pursuit. 

3.  Two  forms  of  intraspecific  Patiria  bouts  are  noted :  continuous-contact  and 
intermittent-contact.     Intermittent-contact  bouts  appear  less  intensive,  permitting 
individuals  to  feed  and  to  engage  in  bouts  with  more  than  one  opponent  at  a  time. 
It  is  speculated  that  intermittent-contact  bouts  are  a  type  of  ritualized  activity  of 
a  fairly  complex  nature. 

4.  Interspecific  bouts   between    specimens   of   Pycnopodia   and   two    species   of 
Pisaster  (P.  giganteus  and  P.  brevispinus}   have  been  observed  only  when  the 
Pisaster  sp.  is  in  possession  of  food.     Pvcnopodia  individuals  approach  and  place 
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rays  on  the  aboral  surface  of  the  feeding  sea  star  while  attempting  to  obtain  the 
food  with  other  rays.  The  specimen  of  Pisastcr  sp.  actively  counterattacks  using 
its  pedicellariae. 
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